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ABSTRACT  
 
Nowadays, in the building industry, natural fibres and nanomaterials have been gaining 
increasing attention for two reasons: one is to develop ‘environmental-friendly 
materials’ through the utilization of natural fibres as an alternative to synthetic fibres in 
fibre-reinforced concrete and another is to improve the properties of Portland cement 
matrix with the addition of nanoparticles. Natural and cellulose fibres are used in cement 
matrix to improve their tensile and flexural strength, as well as fracture resistance 
properties. They are cheaper, biodegradable and lighter than synthetic fibres. However, 
the interfacial bonding between the natural fibre and the cement matrix is relatively 
weak. Also, the degradation of fibres in a high alkaline environment of cement can 
adversely affect the mechanical and durability properties of natural fibre-reinforced 
cement composites. Much research is clearly needed to overcome these problems.  
In this thesis, a novel approach has been used to overcome the above-mentioned 
disadvantages of hemp fibres in cementitious composites. This new approach includes the 
combination of thermal pre-treatment of nanoclay (i.e., producing calcined nanoclay) and 
chemical pre-treatment of fibre surfaces, to improve the microstructure, mechanical, 
physical and thermal properties, as well as  the durability of hemp fibre-reinforced cement 
composites. In this thesis, nanoclay-cement nanocomposites, calcined nanoclay-cement 
nanocomposites, untreated & treated hemp fabric-reinforced cement composites, hemp 
fabric-reinforced nanoclay-cement nanocomposites and treated hemp fabric-reinforced 
nanoclay-cement nanocomposites were synthesized. The influence of nanoclay on the 
properties of the cement paste and hemp fabric-reinforced cement composites was also 
investigated. In addition, the influence of the sodium hydroxide (NaOH) pre-treatment of 
fibre surfaces on properties of hemp fabric-reinforced cement composites was studied. The 
effect of calcined nanoclay (CNC) on the microstructural and mechanical properties, as 
well as the durability (at 236 days -3 wet/ dry cycles) of cement paste and treated hemp 
fabric-reinforced cement composites were also looked into. 
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The microstructures of nanocomposites and untreated and treated-reinforced cement 
nanocomposites were also investigated using high resolution transmission electron 
microscopy (HRTEM), quantitative x-ray diffraction Analysis (QXDA) with Rietveld 
refinement by Bruker DIFFRAC
plus
 TOPAS software, x-ray diffraction, synchrotron 
radiation diffraction, scanning electron microscopy (SEM), energy dispersive 
spectroscopy (EDS) and thermogravimetric analysis (TGA). 
This study consists of seven sequential parts. In the first part, nanoclay-cement 
nanocomposites were fabricated and tested at 56 days. Ordinary Portland cement (OPC) 
was partially substituted by nanoclay with 1, 2 and 3 wt% of OPC. The OPC and nanoclay 
were first dry mixed for 5 minutes in a Hobart mixer at a low speed and then mixed for 
another 10 minutes at a high speed, until a uniform mixture was achieved. The cement–
nanocomposite paste was prepared by adding water with a water/ binder (nanoclay-
cement) ratio of 0.48. The results indicated that an optimum replacement of OPC with 1 
wt% nanoclay observed an improved reduced porosity and water absorption as well as 
increased density, flexural strength and fracture toughness of the nanoclay-cement 
nanocomposites. The microstructural analyses indicated that the nanoclay behaves not 
only as a filler to improve the microstructure, but also as an activator to promote the 
pozzolanic reaction, that led to an obvious consumption of calcium hydroxide (Ca(OH)2) 
crystals and production of more amorphous calcium silicate hydrate gel (C-S-H).   
In the second part, the aim was to investigate the influence of nanoclay on properties of 
hemp fabric-reinforced cement composites which are small depth specimens -10 mm. 
Hemp fabric-reinforced nanoclay-cement nanocomposites were fabricated and the samples 
were tested at 56 days. The cement matrix was the same as in the first part for 1, 2 and 3 
wt% of nanoclay. Two layers of hemp fabric were used and the total amount of hemp 
fabric in each specimen was about 2.5 wt%. For each series, three prismatic plate 
specimens of 300 × 70 × 10 mm were cast. After 56 days, several rectangular specimens 
of each series with dimensions of 70 × 20 × 10 mm were cut from the fully cured 
prismatic plate for mechanical and physical tests. The results indicated that the hemp 
fabric-reinforced nanocomposites containing 1 wt% of nanoclay had denser microstructure 
than others. Thus, this improvement led to an enhancement of the hemp fabric-nanomatrix 
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adhesion. In addition, the incorporation of 1 wt% nanoclay into the hemp fabric-reinforced 
nanocomposites improved the thermal stability, decreased the porosity and water 
absorption, as well as increased the density, flexural strength, fracture toughness and 
impact strength when compared to the hemp fabric-reinforced cement composites.   
In the third part, the purpose was to investigate the effect of nanoclay on properties of 
hemp fabric-reinforced cement composites that have a large dimensional size of 160 × 40 
× 40 mm (ASTM C-1365–06 Standard). The cement matrices were the same as in the first 
part for 1, 2 and 3 wt% of nanoclay. Eight layers of hemp fabric were used and the total 
amount of hemp fabric in each specimen was about 2.4 wt%. It was found that the 
incorporation of 1 wt% nanoclay into the hemp fabric-reinforced nanocomposites 
decreased the porosity and also increased the density, flexural strength and fracture 
toughness, when compared to the hemp fabric-reinforced cement composite.  
In the fourth part, the influence of nanoclay and CNC on the mechanical and thermal 
properties of cement nano-composites is presented. CNC was prepared by heating 
nanoclay at 900°C for 2 hours. The OPC was partially replaced by nanoclay or CNC of 1, 
2 and 3 wt%. The OPC and sample preparation was the same as per the first part. It was 
found that CNC was more effective than nanoclay in terms of its high pozzolanic reaction. 
The optimum content of CNC was also found to be 1 wt%. The cement nanocomposite 
containing 1 wt% of CNC decreased the porosity, water absorption and increased the 
density, compressive strength, flexural strength, fracture toughness, impact strength and 
Rockwell hardness, as well as improved the thermal stability, when compared to the 
control cement paste and cement nanocomposite containing 1 wt% of nanoclay.     
In the fifth part, the influence of the NaOH-treatment on the microstructure and 
mechanical properties of treated hemp fabric-reinforced cement composites was 
investigated at 56 days. The surface modification of hemp fibres was treated by immersing 
the fabric in 1.7m of NaOH solution (pH=14) for 48 hours at 25
°
 C, followed by the 
processes of neutralization and drying. Samples of untreated hemp fabric-reinforced 
cement composites were fabricated with various contents of hemp fabric: 4.5 wt% (4 
layers of fabric), 5.7 wt% (5 layers of fabric), 6.9 wt% (6 layers of fabric) and 8.1 wt% (8 
iv 
 
layers of fabric). For the fabrication of treated hemp fabric-reinforced cement composite 
(6THFRC) samples, only 6 layers of treated hemp fabric were used because they have 
been shown to exhibit the best mechanical performance. The results indicated that the 
optimum content of hemp fabric was found to be 6.9 wt% (6 hemp fabric layers). NaOH-
treated hemp fabric-reinforced cement composites exhibit the highest flexural strength and 
fracture toughness when compared to their non-treated counterparts, due to the efficiency 
of the NaOH treatment to clean the surface of hemp fibres and to remove amorphous 
materials such as hemicellulose, pectins and impurities (fatty substances and waxes) from 
their surface. Thus, NaOH treatment improved the interfacial bonding between the matrix 
and the hemp fibres, which served to enhance the load transfer process at the interface.  
In the sixth part, the influences of CNC and NaOH treatment of hemp fabric on the 
thermal and mechanical properties of treated hemp fabric-reinforced cement 
nanocomposites were studied and the respective samples were tested at Day 56. The 
cement matrix was fabricated in the same manner as in the fourth part with 1, 2 and 3 wt% 
of CNC. Six layers of treated hemp fabric were used to reinforce the cement 
nanocomposite matrix and the total amount of treated hemp fabric in each specimen was 
about 6.9 wt%. The results indicated that the physical, mechanical and thermal properties 
were enhanced due to the addition of CNC into the cement matrix (the optimum content of 
CNC was 1 wt%). The treated hemp fabric-reinforced nanocomposites containing 1 wt% 
CNC had a good fibre-matrix interface and exhibited the highest flexural strength, fracture 
toughness, impact strength and thermal stability when compared to their counterparts. 
In the seventh part, the effect of CNC on the durability of NaOH-treated hemp fabric-
reinforced cement nanocomposites was investigated. The treated hemp fabric-reinforced 
cement composites and nanocomposites were subjected to 3 wetting and drying cycles and 
then tested at 56 and 236 days. The influences of CNC dispersion on the durability of 
these composites have been characterized in terms of porosity, flexural strength, stress-
midspan deflection curves and microstructural observation of hemp surface by SEM 
images. The results indicated that CNC effectively mitigated the degradation of hemp 
fibre. The durability and degradation resistance of hemp fibre were enhanced, due to the 
addition of CNC into the cement matrix and the optimum content of CNC was 1 wt%. 
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SEM micrographs indicated that the hemp fibres in treated hemp fabric-reinforced cement 
composites undergo more degradation than in treated hemp fabric-reinforced cement 
nanocomposites containing 1 wt% CNC. Based on the results, the addition of CNC has a 
great potential to improve the durability of treated hemp fabric reinforced cement 
nanocomposites during wet/ dry cycles, particularly at 1 wt% CNC.    
The success in this project could provide new design concepts for developing 
cementitious composites. The development of long-term durability of treated hemp 
fabric-reinforced nanocomposites  can provide beneficial insights for the development 
of new ‘environmental-friendly nanomaterials’, especially for building applications such 
as the construction of sandwich panels, ceilings and roofs.  
Indeed, as particle agglomeration increases, nanoclay and calcined nanoclay contents 
also follow suit and increase. This adversely reduces the mechanical properties of 
composites. It can be recommended that much research is required to overcome the 
problem of nanoclay and calcined nanoclay agglomerations. 
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1. INTRODUCTION  
 
1.1 Background 
Concrete is one of the most widely used construction materials in the world. Portland 
cement is widely utilized in construction materials because it is the most inexpensive 
binder (Neville, 2011). Concrete, mortar and cement paste have high compressive strength 
but are characterized by low tensile and flexural strength, as well as flexural and fracture 
toughness (much weaker in tension than in compression). The brittle concrete, mortar and 
cement paste matrix can be reinforced by using steel, synthetic (i.e., carbon or glass fibres) 
or natural fibres in order to produce fibre-reinforced cement composites (FRC) (Balaguru 
and Shah, 1992, Bentur and Mindess, 2007). 
Recently, natural fibres are gaining popularity in the development of ‘environmental-
friendly construction materials’ as an alternative to synthetic fibres in fibre-reinforced 
concrete (Pacheco-Torgal and Jalali, 2011a, Ardanuy et al., 2015). Moreover, it is worth 
noting that natural materials have been gaining increasing social acceptance (Hamzaoui et 
al., 2014). Not only are these fibres cheaper and biodegradable, but they are also lighter 
than their synthetic counterparts. Some examples of natural fibres are: Sisal, Flax, Hemp, 
Bamboo and Coir (Li  et al., 2000, Elsaid et al., 2011, Santos et al., 2015). Natural and 
cellulose fibres are commonly used in polymer and cement matrices to improve their 
tensile and flexural strength, as well as fracture resistance properties (Silva et al., 2009, 
Islam et al., 2011, Ardanuy et al., 2015).   
In particular, the hemp plant is a fast growing annual crop worldwide. The world-leading 
producer of hemp is China, followed by Australia, Canada and France. According to the 
Food and Agriculture Organization (FAO), the world production of hemp fibres reaches 
up to 90,000 tons per year (Shahzad, 2011). Hemp fibres are used in a number of products 
such as paper, textiles and ropes. In addition, hemp fibre has a high specific tensile 
strength and specific modulus of elasticity. As such, it is a good candidate for  
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reinforcement  in fibre –reinforced composites (Li et al., 2004c, Misnon et al., 2015). 
Several studies have shown that using hemp fibres as a reinforcement in concrete 
improves the tensile and flexural strength, as well as the toughness of hemp fibre-
reinforced concrete (Li et al., 2006c, Awwad et al., 2012).  
On the other hand, one of the most effective techniques of obtaining a high performance 
cementitious composite is by reinforcement with textile (i.e., fabrics), which are 
impregnated with cement paste or mortar. Synthetic fabrics such as polyethylene (PE) and 
polypropylene (PP) have been used as reinforcement for cement composites (Peled and 
Bentur, 2000, Peled et al., 2006). This system has a superior filament-matrix bonding, 
which improves mechanical properties such as tensile and flexural strength better than 
continuous or short fibres (Mobasher et al., 2006, Soranakom and Mobasher, 2008). In 
contrast, the use of natural fibre sheets and fabrics is more prevalent in a polymer matrix 
as compared to a cement-based matrix. For example, the use of cellulose-fibre sheets in an 
epoxy or a vinyl-ester matrix has resulted in a significantly improved fracture toughness 
(Alamri et al., 2012, Alhuthali et al., 2012). 
However, the long term durability of natural fibres in cement composites has been the 
major issue. Thus, this has limited their applications in cementitious composites. These 
issues could be the degradation of fibres in a high alkaline environment of cement 
composites and relatively weak interfacial bonding between the natural fibres and cement 
matrix (Mohr et al., 2006, Almeida et al., 2013, Santos et al., 2015). In order to improve 
the durability of fibre-reinforced cement composites, there are two possible methods: (i) 
modification of fibre surfaces and (ii) modification of the cement matrix (Toledo Filho et 
al., 2003, Pacheco-Torgal and Jalali, 2011a, Soroushian et al., 2012).  
Concerning the first method, some researchers have shown that pre-treatments of natural 
fibre surfaces via some chemical agents such as alkalization, Polyethylene Imine (PEI) 
and Ca(OH)2 have slightly improved the interfacial bonding between the natural fibres and 
cement matrix. As a result, the mechanical properties of such composites are enhanced 
(Blankenhorn et al., 2001, Le Troëdec et al., 2009, Rachini et al., 2009). Regarding the 
second approach, alkalinity (especially calcium hydroxide) in cement can be reduced by 
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using pozzolanic supplementary cementitious materials (SCMs) such as silica fume, fly 
ash, metakaolin and amorphous nanomaterials. Thus, this approach could improve the 
interfacial bond, mechanical properties and durability of natural fibre-reinforced cement 
composites (de Gutiérrez et al., 2005, Mohr et al., 2007, Pacheco-Torgal and Jalali, 
2011a). However, the extent of the substitution is limited, due to the reduction of early 
strength (Siddique and Klaus, 2009, Flatt et al., 2012, Shaikh, 2013, Juenger and Siddique, 
2015).   
Nowadays, nanotechnology is one of the most active research areas in the Civil 
Engineering and construction materials fields (Sanchez and Sobolev, 2010, Singh, 2014). 
In the construction industry, several types of nanomaterials have been incorporated into 
concretes such as nano-SiO2, carbon nanotubes, nano-CaCO3, nano-Al2O3 and nano-TiO2, 
in order to improve the durability and mechanical properties of the concrete and Portland 
cement matrix (Pacheco-Torgal and Jalali, 2011b, Hanus and Harris, 2013, Singh et al., 
2013). Supit and Shaikh (2014b) reported that the addition of 1 wt% of nano-CaCO3 
improved the compressive strength of mortar and concrete significantly. Nanoclay is a 
new generation of processed clay for a wide range of high-performance cement 
nanocomposites. Some examples of nanoclay are nano-halloysite, nano-Cloisite 30B and 
nano-kaolin. As a type of nano-pozzolanic material, nanoclay not only reduces the pore 
size and porosity of the cement matrix, but also improves the strength of the cement 
matrix through pozzolanic reactions (Chang et al., 2007, Morsy et al., 2009, Sanchez and 
Sobolev, 2010, Wei and Meyer, 2014c, Farzadnia et al., 2013). Calcined nanoclay is 
prepared by heating nanoclay at a certain temperature for a specific period of time, in 
order to transform the nanoclay to an amorphous state, in which the calcined nanoclay can 
behave as a highly reactive artificial pozzolan like silica fume, metakaolin, nano-SiO2, and 
nano-metakaolin (He et al., 1996, Shebl et al., 2009, Morsy et al., 2010).   
The use of nanoclay and calcined nanoclay in natural fibre-reinforced cement composites 
(especially treated hemp fabric-reinforced cement composites) can be expected to reduce 
the alkalinity of the cement matrix. This happens as during the pozzolanic reaction, 
calcium hydroxide is consumed. Hence, the durability of the natural fibre in the composite 
and the microstructure of the nanoclay-cement matrix can be improved due to the particle 
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packing (filler effect) of nanoclay. In addition, its bond with the natural fibre is also 
improved. Thus, a better composite behaviour can be expected in natural fibre reinforced 
nanoclay-cement composites, particularly treated hemp fabric-reinforced calcined 
nanoclay-cement composites.   
In this project, a novel method for synthesizing hemp fabric-reinforced cement 
nanocomposites was used and investigated. In order to improve the durability and 
degradation resistance of hemp fibre for hemp fibre-reinforced cement composites, the 
combination of both methods (i.e., modification of hemp fibre surfaces and the cement 
matrix) were used. Nanoparticles, such as nanoclay (Cloisite 30B), were used to partially 
substitute Portland cement at various ratios. Cloisite 30B was chosen because it is one of 
nanoclay types that has high specific surface areas (750 m
2
 /g) when compare to other 
nanoclay types such as halloysite nanotubes (HNTs) that has low specific surface areas 
(20 m
2
 /g). Hemp fibres were also utilised to reinforce this nanoclay-cement matrix. 
Moreover, NaOH pre-treatments of fibre surfaces and thermal pre-treatments of nanoclay 
were employed in order to enhance the microstructure and mechanical and durability 
properties. Therefore, this study evaluated the effect of different nanoclay and calcined 
nanoclay contents on various mechanical and physical properties of cement matrix and 
untreated and treated hemp fabric reinforced cement composites. The effect of nanoclay 
and calcined nanoclay on the thermal behaviour of untreated and treated hemp fabric 
reinforced composites was also evaluated in this study. The effect of calcined nanoclay on 
the durability properties of treated hemp fabric-reinforced cement composite was studied. 
The durability of the treated hemp fabric-reinforced cement composites and 
nanocomposites was discussed based on the porosity and flexural strength obtained at 56 
days and 236 days (3 wet/ dry cycles). The microstructures of nanocomposites and 
untreated and treated-reinforced cement nanocomposites were also investigated using high 
resolution transmission electron microscopy (HRTEM), Quantitative X-ray Diffraction 
Analysis (QXDA) with Rietveld refinement by Bruker DIFFRAC
plus
 TOPAS software, x-
ray diffraction, synchrotron radiation diffraction, scanning electron microscopy (SEM), 
energy dispersive spectroscopy (EDS) and thermogravimetric analysis (TGA).  
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1.2 Project Significance 
This project seeks to gain a better understanding of natural fibre-reinforced 
nanocomposites made from hemp fibres and nanoclay. In this thesis, an innovative 
method was utilized to synthesize hemp fibre-reinforced cement composite containing 
nanoclay (which possesses unique mechanical properties for use as building materials). 
This project also provides new design concepts for developing cementitious composites, 
which will have a significant impact on the future application of this technology.  
To date, little or no research was reported on the use of both chemically treated hemp 
fabrics and nanoclay (or calcined nanoclay) as hybrid reinforcement in cement-
composites. In this project, nanoclay was utilised as a partial replacement of cement at 
various contents, in order to produce nanocomposites and hemp fabrics (HF) to be used 
as reinforcements to fabricate HF-reinforced cement nanocomposites. Hemp fibre-
reinforced cement based composites are sustainable alternatives to their synthetic fibre-
based counterparts, due to their lower cost, bio-degradability, local availability and an 
extremely little energy-intensive manufacturing process. However, the bond of hemp 
fibres with the cement matrix is relatively weak and the high alkalinity of the cement 
matrix adversely affects the durability of hemp fibres in the composites, which 
ultimately affects the mechanical and durability properties of the composites. The use of 
nanoclay in hemp fibre-reinforced cement composites could be expected to reduce the 
alkalinity of cement matrix, via the consumption of calcium hydroxide during the 
pozzolanic reaction. Hence, this improves the durability of the hemp fibre in the 
composite and the dense nanoclay-cement matrix, due to the particle packing of 
nanoclay. Also, it improves its bond with the hemp fibre. 
In the future, this novel natural fibre-reinforced nanoclay-cement nanocomposite could be 
utilised in the construction industry. Moreover, it can also be widely employed in 
architectural structures, block walls, pavements, bridges, roads and fences. Furthermore, it 
can be utilised as an alternative to steel or synthetic fibres, which  replaces glass fibre-
reinforced concrete (GFRC) in some applications, including concrete tiles, roofing sheets, 
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on-ground floors, window trims, fountains, ceilings, structural laminate and sandwich 
panels.  
 
1.3 Project Objectives 
This project was concerned with studying the cost-effectiveness and optimum design of 
novel cement nanocomposites that have been reinforced with hemp fibres and nanoclay, 
so as to achieve optimum mechanical and fracture properties. In addition, this project 
aimed at building a connection between materials at the nano and macro-scale level, 
through integrating concepts from natural fibre-reinforced cement composites and 
nanocomposites for a better understanding of the enhanced physical and mechanical 
properties brought about by the respective mechanisms. 
The specific objectives of this project were as follows: 
 To obtain a fundamental understanding of the processing-nanostructure-property 
relationships of natural fibre-reinforced cement composites.  
 To evaluate the mechanical and thermal properties of hemp fabric-reinforced 
cement composites containing nanoclay. 
 To evaluate the effect of nanoclay on the microstructure of the cement matrix and 
hemp fabric-matrix interface.  
 To investigate and determine the effectiveness of chemical pre-treatment of hemp 
fibre surfaces and thermal pre-treatment of nanoclay (calcined nanoclay) on 
mechanical and thermal properties of hemp fabric-reinforced cement composites. 
 To determine the optimum contents of nanoclay, calcined nanoclay, untreated and 
treated natural fibres of hemp fabric-reinforced cement composites.  
 To investigate the effect of calcined nanoclay on the microstructure of the cement 
matrix and hemp fabric-matrix interface.  
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 To study the roles of nanoclay and interfacial properties of the hemp fabric on the 
efficiency of strengthening and toughening of the composite. 
 To identify the underlying mechanisms of enhanced microstructure and 
mechanical properties of hemp fibre-reinforced cement nanocomposites that 
contain nanoclay.  
 To evaluate the effects of chemical pre-treatment of hemp fibre surfaces and 
thermal pre-treatment of nanoclay on cyclic wetting-drying durability of hemp 
fabric-reinforced composites. 
1.4 Research Plan 
Based on the project significant and objectives as mentioned in the previous section, the 
following research plan was proposed: 
1) Fabrication of nanoclay-cement nanocomposites and hemp fabric-reinforced 
nanoclay-cement nanocomposites.  
2) Carrying out the thermal pre-treatment of nanoclay to produce calcined nanoclay 
and the chemical pre-treatment (NaOH) of hemp fabric to produce treated hemp 
fabrics. 
3) Fabrication of calcined nanoclay-cement nanocomposites, untreated hemp fabric 
and treated hemp fabric-reinforced cement composites and treated hemp fabric-
reinforced calcined nanoclay-cement nanocomposites.  
4) Fabrication of treated hemp fabric-reinforced calcined nanoclay-cement 
nanocomposites. 
5) Characterization of nanoclay and calcined nanoclay dispersion, morphology and 
micro-structure by High Resolution Transmission Electron Microscopy 
(HRTEM), Quantitative X-ray Diffraction Analysis (QXDA), Synchrotron 
8 
 
Radiation Diffraction (SRD), Scanning Electron Microscopy (SEM) and 
Thermogravimetric Analysis (TGA).  
6) Investigation of the influence of untreated and treated hemp fabric, nano-fillers 
(i.e., nanoclay and calcined nanoclay) or treated hemp fabric-calcined nanoclay 
on durability, mechanical and thermal properties of the produced composites. 
7) Determination of the effect of a high alkaline environment of cement (calcium 
hydroxide) on the mechanical properties, durability, fibre-matrix interface and 
fibre degradation of the produced composites.  
8) Observation of the fracture surfaces and failure mechanisms by Scanning 
Electron Microscopy (SEM).  
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2 LITERATURE REVIEW        
2.1 Natural Fibres 
Natural fibres can be classified according to their sources; they are divided into plant, 
animal and mineral fibres. The physical, thermal and chemical properties of these fibres 
are also vastly different (Balaguru and Shah, 1992, Bentur and Mindess, 2007). Plant 
(vegetable) fibres are usually named based on plant part that fibre is extracted, they can 
be categorized into seed fibres such as cotton and kapok; bast or stem fibres such as 
hemp, flax, jute and kenaf; leaf fibres such as sisal and banana; fruit fibres such as coir 
(coconut); stalk fibres such as bamboo (Figure 2.1) (Akil et al., 2011, Pacheco-Torgal 
and Jalali, 2011a). Animal fibres are generally made up of proteins examples include 
hair, wool and silk. These fibres recently use in textile industry. Mineral fibres can be 
derived from geological materials such as quartz and asbestos, these fibres are tough and 
highly temperature resistant (Balaguru and Shah, 1992, Bentur and Mindess, 2007). 
Regarding plant fibres, several methods that can be used to separate the fibres from the 
other plant parts include retting, scrapping and pulping. Plant fibres are available all over 
the world (Coutts, 2005, Razak and Ferdiansyah, 2005, Juárez et al., 2007). They can 
exhibit high Young’s modulus and tensile strength as shown in Table 2.1 (Pacheco-
Torgal and Jalali, 2011a). Thus their tensile performance can stand in a favorable 
manner with synthetic ones (Roma et al., 2008, Ardanuy et al., 2015, Santos et al., 
2015). 
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Figure 2.1: Categorization of natural fibres (Akil et al., 2011). 
 
 
Table 2.1: Properties of some natural fibres and comparing them with some 
synthetic fibres (Pacheco-Torgal and Jalali, 2011a). 
Properties  Specific 
gravity 
(Kg/m
3
) 
Water 
absorption (%) 
Tensile 
strength (MPa) 
Modulus of 
elasticity 
(GPa) 
Sisal 1370 110 347-378 15.2 
Coconut 1177 93.8 95-118 2.8 
Bamboo 1158 145 73-505 10-40 
Hemp 1500 85-105 900 34 
Banana 1031 407 384 20-51 
Polypropylene 913 - 250 2 
PVA F45 1300 - 900 23 
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2.1.1 Chemical Compositions and Structure of Natural Fibres  
In fact the chemical composition and structure of natural fibres are quite complex. The 
most plant fibres are composed of cellulose, hemicelluloses, lignin, pectin, waxes, and a 
few water-soluble compounds. The physical properties of the fibres are governed by the 
cellulose, hemicelluloses and lignin that are its basic constituents (John and Thomas, 
2008, Le Troedec et al., 2011a, Pacheco-Torgal and Jalali, 2011a). Table 2.2 exhibits the 
chemical compositions of some plant fibres (De Rosa et al., 2010).  
 
Table 2.2: Chemical compositions of some plant fibres (De Rosa et al., 2010) 
Type of fibre Cellulose 
(wt%) 
Hemicellulose 
(wt%) 
Lignin 
(wt%) 
Pectin 
(wt%) 
Wax 
(wt%) 
Bast Fibre      
Hemp 70.2-74.4 17.9-22.4 3.7-5.7 0.9 0.8 
Jute 61-71.5 12-20.4 11.8-13 0.2 0.5 
Flax 64.1-71.9 16.7-20.6 2-2.2 1.8-2.3 1.7 
Kenaf 31.57 21.5 8-19 3-5 - 
Leaf Fibre      
Sisal 65.8-78 8-14 10-14 0.8-10 2 
Pineapple 70-82 - 5-12.7 - - 
Banana 63.64 10-19 5 - - 
Seed fibre      
Cotton 82.7-90 5.7 - 0-1 0.6 
Fruit fibre      
Coir 32-43 0.15-0.25 40-45 3-4 - 
 
Plant fibres mostly consist of lumen, middle lamella, primary cell wall and secondary cell 
wall as shown in Figure 2.2. The middle lamella is made up of pectins that hold fibres 
together. The primary cell wall is composed of disorganized arrangements of cellulose 
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fibrils in an organic matrix of hemicelluloses, lignin and proteins. The secondary cell wall 
is made up of three layers (L1, L2 and L3) of cellulose fibrils that are held by lignin (Le 
Troedec et al., 2011b). The correlation between cellulose chains, hemicelluloses and 
pectins can be presented as shown in Figure 2.3.   
 
Figure 2.2: Structure of natural fibre (Le Troedec et al., 2011b) 
 
 
Figure 2.3: Correlation between cellulose chains, hemicelluloses and pectins in natural 
fibres (Sedan et al., 2008) 
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(a) Cellulose  
Cellulose fibrils (as known Cellulose) are the main part of  natural plant fibres. Based on 
its chemical analysis, cellulose is made up of D-anhydro glucose (C6H11O5 ) units. These 
units are repeating and linked by 1,4-β-D glycosidic bonds as shown in Figure 2.4 (Akil 
et al., 2011). The degree of polymerization (DP) in the cellulose molecules is about 
10,000 and these cellulose molecules are arranged in the microfibrils with diameters 
ranging from 10 nm to 20 nm (Ouajai and Shanks, 2005, Sedan et al., 2008). Generally, 
there are four main different forms of cellulose (cellulose I, II, III, IV) (Mittal et al., 
2011, Sawpan et al., 2011). Cellulose I (native) is the most abundant crystalline form in 
plant fibres (Sedan et al., 2007).    
 
 
 
Figure 2.4: The structure of cellulose (Akil et al., 2011). 
 
 
(b) Hemicelluloses  
Hemicellulose is made up of polysaccharides that consist of 5-ring and 6-ring carbon 
ring sugars. These sugars include glucose and monomers. These sugar monomers 
include galactose, mannose, arabinose and xylose (Mwaikambo and Ansell, 2002, John 
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and Thomas, 2008, Akil et al., 2011). The polymer chains are non-crystalline and made 
up of short and branched chains, with degree of polymerization (DP) ranging 50-300. 
Therefore, hemicellulose has amorphous structure. Moreover, hemicelluloses are easily 
hydrolyzed (to break down a compound by chemical reaction with water) in acids and 
also dissolved by alkali (Demir et al., 2006, John and Thomas, 2008). 
(c) Lignin 
Lignins are one of essential parts in the formation of cell walls for the plant fibres and 
also they are basically holding the fibre structure together (Beckermann and Pickering, 
2008). Chemically, lignin is a cross-linked phenol polymer and amorphous and it 
consists of an array of hydroxyl- and methoxy- substituted phenylpropane units. Mostly, 
lignin is referred as a thermoplastic polymer (Vilay et al., 2008, Akil et al., 2011).   
(d) Pectin 
Pectin is main component of the middle lamella and plays important role to hold cell 
walls as shown above in Figure2.3 (Tserki et al., 2005, Sedan et al., 2008). Moreover, 
pectin is an essential ingredient for non-woods fibres especially bast. Based on chemical 
structure, pectins are complex polysaccharide acids polymers with chains that comprise 
of glucuronic acid and rhannose residues (John and Thomas, 2008, Akil et al., 2011). 
Pectin is amorphous material and can be easily dissolved by alkali such as NaOH (Le 
Troedec et al., 2011b).    
(e) Waxes and fatty substances 
Waxes and fatty substances are minor components in the structure of plant fibre and 
exist normally near the surface of fibre. Natural waxes mostly contain long chain 
alcohols and ester of carboxylic acids in their structure (John and Thomas, 2008, Le 
Troëdec et al., 2009, Akil et al., 2011). They are insoluble in water but can be easily 
removed from the surface of fibres by alkaline and organic solutions (Le Troëdec et al., 
2009).    
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2.1.2 Natural Fibre Surface Modification by Alkaline treatment 
Surface treatments of natural fibres can be used to overcome the problem of their 
incompatibility. Chemical treatments can increase the interfacial adhesion between the 
fibre and matrix. Some researchers have shown that pre-treatments of natural fibre 
surfaces via some chemical agents such as alkalization, PEI (polyethylene imine), 
Ca(OH)2 and CaCl2 have slightly improved the fibre–matrix interface of the eco-
composites (Bismarck et al., 2002, Li et al., 2007c, Alix et al., 2009). Alkaline treatment 
such as NaOH is one of the most used chemical treatments of natural fibres when used 
to reinforce composites. It is well-known that the un-treated fibres had some impurities 
on its surface (Ray et al., 2001, Aziz and Ansell, 2004, Mwaikambo, 2009, Yan et al., 
2012). Le Troedec et al. (2008) reported that these impurities are mostly waxes or fatty 
substances and also they indicated that NaOH treatment is well-known to bleach and 
clean the surface of plant fibres and to remove amorphous materials such as 
hemicelluloses and pectins from their surface and thus surfaces become more 
homogeneous. Three years later, Le Troedec et al. (2011a) reported that the modification 
of hemp fibres with NaOH has improved the interfacial bonding between the fibres and 
the lime-based mineral matrix (mortar).  
2.2 Cement Matrix 
2.2.1 Portland cement and the hydration reactions 
Cement is the basic ingredient of cement paste, mortar and concrete. There are various 
types of cement as cementitious binders including Portland cement, lime, gypsum plaster, 
pozzolana cement, calcium aluminate cement and others (Neville, 2011). Among these, 
Ordinary Portland cement (POC) clinker is widely utilized in construction because it is the 
most inexpensive binder (Flatt et al., 2012). The approximate oxide composition and 
physical properties of OPC are listed in Table 2.3 (Neville 2011). Generally there are four 
compounds that consider as the major constituents of Portland cement which are silicate 
minerals (C3S and C2S) and aluminate minerals (C3A and C4AF) as shown in Table 2.4 
(Taylor, 1990, Scrivener et al., 2004, Neville, 2011, Wei et al., 2012, Soin et al., 2013).  
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Table 2.4:  Four major compounds of Portland cement (Neville, 2011) 
Name of compound  Oxide composition Abbreviation 
Tricalcium silicate  3CaO.SiO2 C3S 
Dicalcium silicate  2 CaO.SiO2 C2S 
Tricalcium aluminate  3 CaO.Al2O3 C3A 
Tetracalcium aluminoferrite  CaO.Al2O3.Fe2O3 C4AF 
 
Table 2.3: Physical properties and  approximate oxide composition of 
OPC (Neville, 2011)  
Properties/Compositions OPC (ASTM Type I) 
Physical properties:  
   Specific gravity  3.17 
   Specific surface, Blaine  (cm
2
/g) 3170 
Chemical analysis:   
Oxide Content (%)  
   SiO2 17-25 
   Al2O3 3-8 
   Fe2O3 0.5-6.0 
   CaO 60-67 
   MgO 0.5-4.0 
   SO3 2-3.5 
   Alkalis (Na2O,  K2O) 0.3-1.2 
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The hydration reaction is defined as the chemical reactions that occur between the major 
compound of OPC and water to produce hydrated cement paste (Balaguru and Shah, 
1992). Mainly the hydration reaction can be categorised into two types: hydration of 
silicates minerals (C3S and C2S) that leads to the strength development of cement paste in 
terms of the formation of calcium silicate hydrates gel (C3S2H3 as know C-S-H) and also 
hydration of aluminate minerals (C3A and C4AF) in the present of gypsum that leads to 
fast stiffening and setting of cement paste (Neville, 2011, Govindarajan and 
Gopalakrishnan, 2012). Making the approximate assumption that C-S-H is the final 
product of hydration of both silicates minerals (C3S and C2S), the hydration reactions can 
be written as follows (Neville, 2011, Govindarajan and Gopalakrishnan, 2012): 
 
   2C3S + 6H2O                   C-S-H + 3Ca(OH)2 + heat                           (2.1) 
 
   2C2S + 4H2O                   C-S-H + Ca(OH)2 + heat                             (2.2) 
 
Based on the hydration products, the calcium hydroxide (Ca(OH)2) content in solid 
volume of the hydrated cement paste is about 20-30 vol.%. The Ca(OH)2 is soluble in 
water in which this can lead to increase pores in the hydraulic structures of concrete 
porous, develop micro-cracks, weaken the bond with aggregates and thus affect the 
durability properties of concrete (Toledo Filho et al., 2009, Neville, 2011). For these 
reasons, the reduction of calcium hydroxide quantity in concrete can be achieved by using 
pozzolanic materials.   
2.2.2 Supplementary Cementitious Materials (SCMs) and the pozzolanic reaction 
Supplementary Cementitious Materials (SCMs) are pozzolanic materials that have high 
pozzolanic reactivity. Some examples of SCMs include silica fume, metakaolin, ground 
granulated blast furnace slag, fly ash and others (Schneider et al., 2011, Flatt et al., 2012). 
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The utilizing of replacement of SCMs in Portland cement has been employed with 
different ratios (de Gutiérrez et al., 2005, Mohr et al., 2007, Siddique and Klaus, 2009, 
Juenger and Siddique, 2015). The pozzolanic materials often contain high chemical 
composition of siliceous (amorphous silica oxide or as know silicates SiO2) or aluminous 
(Al2O3- SiO2) (Neville, 2011, Juenger and Siddique, 2015).  
Pozzolanic reaction can occur between calcium hydroxide (Ca(OH)2) as hydration product 
and siliceous (SiO2) or aluminous (Al2O3- SiO2) to form calcium silicate hydrate (C-S-H), 
calcium aluminate hydrate (CAH) and calcium aluminate ferrite hydrate (Siddique and 
Klaus, 2009, Neville, 2011). The pozzolanic reaction that leads to formation additional C-
S-H gel is the most important chemical reaction and can be written as follows (Toledo 
Filho et al., 2009, Bendapudi, 2011):  
 
   Ca(OH)2 + SiO2  + H2O                   C-S-H + heat                              (2.3) 
 
However, the extent of replacements of SCMs is limited due to their problems such as a 
reduction of early strength and none (or poorly)-reactive (Siddique and Klaus, 2009, Flatt 
et al., 2012, Shaikh, 2013, Juenger and Siddique, 2015).   
  
2.3 Natural Fibres Reinforced Cement Composites 
2.3.1 Introduction  
Nowadays, in the building industry, natural fibres have been gaining increasing attention 
to develop ‘environmental-friendly construction materials’ as alternative to synthetic 
fibres in fibre-reinforced concrete (Low et al., 2006, Ahmed et al., 2007, Silva et al., 
2010, Jarabo et al., 2012). Natural and cellulose fibres are used in polymer and cement 
matrices to improve their tensile/flexural strength and fracture resistance properties 
(Savastano et al., 2003, Snoeck and De Belie, 2012, Soroushian and Hassan, 2012). They 
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are cheaper, biodegradable and lighter than synthetic fibres. Some examples of natural 
fibres include sisal, flax, hemp, bamboo, coir, wheat straws and others (Bezerra et al., 
2006, Asasutjarit et al., 2007, Sedan et al., 2008). 
2.3.2 Mechanical properties of natural fibre reinforced cement composites 
The strength and toughness of cement matrix can be improved by using natural and 
cellulose fibres (Silva et al., 2009, Islam et al., 2011, Ardanuy et al., 2015). Many 
studies have been carried out on different types of natural fibres such as sisal, flax, 
hemp, bamboo, coir and others (Savastano et al., 2009, Bentchikou et al., 2012, Santos 
et al., 2015, Pacheco-Torgal and Jalali, 2011a). 
Mansur and Aziz (1982) investigated the effect of fibre volume fraction and length on the 
tensile strength, flexural strength and flexural toughness of jute fibre reinforced cement 
mortar. The fibre volume fraction varied from 1 to 4 % and fibre length was 12, 18, 25 and 
38 mm. The results indicated that tensile and flexural strength of composite with 2 vol % 
and 12 mm increased by about 20% and 34% compared to cement mortar. Moreover the 
highest flexural toughness (1099 N.mm) was achieved for jute fibre reinforced cement 
mortar composite with 2 vol % and 25 mm.   
Ali et al. (2012) have studied the mechanical properties of coconut fibre reinforced 
concrete (CFRC) at 28 days. The fibre contents of 1, 2, 3 and 5 % by mass of cement and 
fibre length of 2.5, 5 and 7.5 cm were used to fabricate CFRC composites. It was found 
that CFRC with a fibre length of 5 cm and a fibre content of 5% had the best properties. 
They reported that MOR of CFRC with 5% fibre content and 5 cm long fibres increased 
slightly up to 4% compared to plain concrete. The flexural toughness measured as total 
toughness index (TTI), thus CFRC with 5% fibre content and 5 cm long fibres has the 
highest toughness index of 10.1.  
Abdullah et al. (2011) have investigated the mechanical properties of composite cement 
reinforced with coconut fibres at 28 days. The mix design was based on 1:1 for cement: 
sand ratio and W/C of 0.55. The coconut fibre contents were 3, 6, 9, 12, and 15 wt. %. 
They reported that cement composite reinforced with 9 wt% of coconut fibre shown better 
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properties. Compressive strength of composite increased from 41.19 to 43.84 MPa by 6.4 
% increase while modulus of rupture increased from 12.48 to 14.45 MPa. They also 
indicated that further increased in the fibre content more than 9 wt% decreased the 
compressive strength and modulus of rupture of composites as shown in Figure 2.5 and 
2.6 respectively. 
 
 
Figure 2.5: Compressive strength of composite for 28 days curing (Abdullah et al., 2011) 
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Figure 2.6: Modulus of rupture of composite for 28 days curing (Abdullah et al., 2011) 
 
Elsaid et al. (2011) studied the mechanical properties of kenaf fibre-reinforced concrete 
(KFRC) with fibre volume contents of 1.2% and 2.4% after a curing time of 28 days. They 
stated that the flexural toughness of KFRC with 2.4 vol % increased from 28.9 to 52.6 
joules compared to KFRC with 1.2 vol %. 
Li et al. (2004c) studied compressive and flexural properties of hemp fiber reinforced 
concrete. They used different fibre content (0.18, 0.36, 0.60 and 0.84% by weight) and 
different fibre length (10, 20 and 30 mm). It was found that the optimum fibre content 
and length was 0.36% and 20mm respectively. They reported that hemp fiber reinforced 
concrete improved the compressive strength by 4 %, flexural strength by 9 % and 
flexural toughness by 144 % and toughness index by 214 % compared to plain concrete.  
2.3.3 Durability of natural fibre reinforced cement composites 
Durability of natural fibre reinforced cement composites is defined as the ability to resist 
the processes of deterioration either external damage such as chloride attack or internal 
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damage such as compatibility between fibres and cement matrix (Mohr et al., 2005a, 
Walker et al., 2014, Santos et al., 2015, Wei and Meyer, 2015). However, the long term 
durability of natural fibres in cement composites has been the major issue in which it has 
limited their applications in cementitious composites (Roma et al., 2008, Ramakrishna et 
al., 2010, Kwan et al., 2014, Wei and Meyer, 2014a). These issues could be the 
degradation of fibres in a high alkaline environment of cement composites and also the 
interfacial bonding between the natural fibre and the cement matrix is relatively weak 
(Mohr et al., 2006, Kriker et al., 2008, Almeida et al., 2013). In order to improve the 
durability of fibre reinforced cement composites, there are many possible methods; among 
those methods two basic approaches were selected: (i) modification (treatment) of fibre 
surfaces, (ii) modification of the cement matrix (Toledo Filho et al., 2003, Ramakrishna 
and Sundararajan, 2005, Pacheco-Torgal and Jalali, 2011a, Soroushian et al., 2012, 
Ardanuy et al., 2015). 
2.3.3.1 Natural fibre surface modification 
Several researches have studied the effect of pre-treatment of natural fibres and different 
techniques were used. These pre-treatment can be classified into three major techniques; 
(i) mechanical treatment via pulping processes such as the Kraft process (ii) thermal 
treatment by the removal of water from cellulosic fibres through many cycles of drying 
and re-wetting (iii) chemical treatment by some chemical agents or coating (Pacheco-
Torgal and Jalali, 2011a, Ardanuy et al., 2015, Santos et al., 2015). The chemical pre-
treatment of natural fibres whichever by chemical agents or coating is gaining increasing 
popularity because the reduction of fibre durability is caused mainly by the alkaline 
environment of the cement matrix. Several chemical agents were used such as alkalization 
(NaOH), Ca(OH)2, CaCl2,  Na2CO3, polyethylene imine (PEI), acid 
ethylenediaminetetracetic (EDTA) and silane (i.e. Aminopropyltriethoxy silane (APS) and 
organofunctional trialkoxy silane) (Toledo Filho et al., 2000, Blankenhorn et al., 2001, 
Wei and Meyer, 2014b, Santos et al., 2015).   
Le Troedec et al. (2008) investigated the effect of several chemical treatment (NaOH, 
Ca(OH)2 and CaCl2) on surface structure of hemp fibres. Figure 2.7 shows SEM images of 
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the surface morphology of untreated, NaOH-treated, Ca(OH)2-treated and CaCl2-treated 
hemp fibres. The authors found that NaOH treatment was better than other treatment. 
They reported that NaOH treatment bleached and cleaned the surface of hemp fibres and 
also removed amorphous materials such as hemicellulose, pectins and impurities (fatty 
substances and waxes) from their surfaces. The team also supported their results by using 
X-ray diffraction of fibres and Segal empirical method to calculate the fibre crystallinity 
index (CI) of hemp fibre as follows: 
         100(%)
002
002 


I
II
CI am                                                 (2.4) 
where 
002I  is the maximum intensity of the (002) crystalline peak and amI  is the minimum 
intensity of the amorphous material in fibre between cI )110(  and 
cI )002(  peaks as shown in 
Figure 2.8. They observed that the cellulose crystallinity index of untreated, NaOH-
treated, Ca(OH)2-treated and CaCl2-treated hemp fibres was 80, 86, 78 and 65% 
respectively. They concluded that the highest crystallinity index of NaOH-treated fibre 
confirmed that NaOH treatment was more efficient than others.   
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Figure 2.7: SEM images of untreated and treated hemp fibres (Le Troedec et al., 2008). 
 
Figure 2.8: X-ray diffraction patterns of (a) NaOH-treated, (b) untreated, (c) Ca(OH)2-
treated and (d) CaCl2-treated hemp fibres (Le Troedec et al., 2008). 
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Sedan et al. (2008) studied the untreated and treated hemp fibre reinforced cement 
composite with different fibre volume fractions of 7, 10, 16 and 20 vol% (w/c=0.5). They 
reported that the flexural strength of NaOH treated hemp fibre reinforced cement 
composites with the optimum hemp fibres content of 16 vol% increased by 39% compared 
to untreated hemp fibre reinforced cement composites. 
Tonoli et al. (2009) studied the effect of cellulose pulp fibre modification with 
Aminopropyltri-ethoxy silane on the physical properties of fibre–cement composites with 
5 wt% fibre content, and compared the results with un-treated one. They reported that 
porosity and water absorption slightly decreased by about 7.7% and 12.6%, respectively. 
Blankenhorn et al. (2001) studied the effect of fibre chemical treatments with 10 vol% 
alkylalkoxysilane solution on the flexural strength of hardwood fibre-cement composites 
with 4.24 wt% fibre content. They reported that the flexural strength increased by 11% 
compared to untreated one.  
Asprone et al. (2011) where they investigated composite system consisting of a thin 
pozzolanic mortar slab reinforced with different layers of hemp fiber grids after they 
coated hemp fibre grids by epoxy resin coating. They observed that the flexural strength of 
epoxy coated hemp fiber grid-reinforced cement matrix with fibre content of 7 wt% (i.e. 6 
layers) increased from 7.0 to 15.0 PMa, by 114% compared to control mortar matrix. 
Mohr et al. (2005b) investigated the durability of thermomechanical pulp fiber–cement 
composites that was subjected to wet/dry cycles. Three types of fiber used were: 
thermomechanical pulp fiber (TMP), bleached kraft pulp fibre and unbleached kraft pulp 
fibre. Volume fraction of pulp fibres was 4 vol % in each cement paste composite. 
Samples were placed in a limewater curing tank until wet/dry cycling or testing 
commenced and duration of one wet/dry cycle was two days. Samples were tested at 78 
days as control and after each 1, 2, 5, 10, 15 and 25 wet/dry cycles. Figure 2.9 shows 
average peak strength and average post-cracking toughness versus number of cycles for 
all composites. They reported that peak strength and toughness of TMP composite were 
less than at 78 days and at the first wet/dry cycles but after 25 cycles peak strength and 
toughness of TMP composite were greater than bleached and unbleached kraft pulp fibre 
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reinforced composites. These authors concluded that TMP composite exhibited lower 
progression of degradation than other and the use of TMP fibres can improve the 
durability of natural fibre reinforced cement composites significantly. 
 
 
 
Figure 2.9: (a) Average peak strength (MPa) and (b) Average post-cracking toughness 
(MPa.mm) versus number of cycles (Mohr et al., 2005b).  
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2.3.3.2 Cement matrix modification  
Calcium hydroxide is a major hydration reaction product that causes degradation of 
natural fibre in cement matrix composites (Pacheco-Torgal and Jalali, 2011a, Santos et al., 
2015). In this second approach, calcium hydroxide in cement matrix can be reduced by 
using pozzolanic materials such as silica fume and metakaolin. Thus this approach could 
improve interfacial bond, mechanical properties and durability of natural fiber-reinforced 
cement composites (Toutanji et al., 2004, Ardanuy et al., 2015).  
Khorami and Ganjian (2011) studied the flexural strength of the natural (Sugarcane) 
bagasse fibre-reinforced cement matrix with fibres content of 4 wt%, and silica fume was 
replaced for 5% of cement weight. They observed that the flexural strength increased 
about 20% compared to control bagasse fibre-reinforced cement matrix. They attributed 
this improvement to the pozzolanic and filler effects of very fine silica fume particles, 
which led to enhancement of the bonding strength between the matrix and fibres. 
de Gutiérrez et al. (2005) studied the effect of pozzolans on the performance of fibre-
reinforced mortars. They used four different pozzolanic materials which were silica fume 
(SF), metakaolin (MK) and fly ash (FA) as well as ground granulated blast furnace 
(GGBS) and also different types of natural fibre (sisal, coir and ique) and synthetic fibre 
(glass, polypropylene and steel). Silica fume (SF), metakaolin (MK) and fly ash (FA) were 
added by 15 wt % and ground granulated blast furnace (GGBS) was added by 70 wt % 
and then samples were tested at 90 days. They reported that although incorporating fibres 
into control mortar caused a decrease in compressive strength, the addition of pozzolanic 
materials, especially silica fume, compensated that reduction and improved the strength 
over that of control mortar. For instance, compressive strength of control mortar and coir 
fibre-reinforced cement mortar were 50 and 43 MPa respectively. After added SF into 
mortar the compressive strength of coir fibre-reinforced blended mortar increased from 43 
to 52 MPa by 17% increase. Moreover, they also indicated that SF improved the water 
absorption of composites because of the reduction of permeable voids. For example, 
addition of SF into sisal fibre-reinforced cement mortar decreased the coefficient of 
capillary absorption from 0.022 to 0.0103 kg/m
2
s
1/2
. 
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Zhou et al. (2013) studied splitting tensile strength and fracture toughness of short discrete 
jute fibre reinforced concrete composites (JFRCC) at 7, 14 and 28 days. Portland cement 
was partially replaced by ground granulated blast furnace slag (GGBS) or pulverised fly 
ash (PFA) with 50 wt% of Portland cement. Total amount of jute fibres in each concrete 
composite was about 1 vol%. Figure 2.10 shows the splitting tensile strength of JFRCC 
concrete at various ages. They indicated that jute fibre reinforced concrete composites 
containing GGBS (FRC-GGBS) exhibited higher strength than jute fibre reinforced 
concrete composites containing PFA (FRC-PFA) due to high pozzolanic reaction of 
GGBS than PFA materials. Moreover, Table 2.5 shows the fracture toughness of plain 
GGBS/PC concrete, jute fibre reinforced GGBS/PC concrete (FRC-GGBS) and jute fibre 
reinforced PFA /PC concrete (FRC-PFA). They reported that fracture toughness (K
S
IC) of 
jute fibre reinforced GGBS/PC concrete (FRC-GGBS) increased from 26.0 to 33.7 
MPa.m
0.5
 and this increase was attributed to very strong bond between matrix and jute 
fibres.  
 
 
Figure 2.10: Splitting tensile strength of JFRCC concrete at various ages (Zhou et al., 
2013). 
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Table 2.5: Fracture toughness of plain GGBS/PC concrete, jute fibre 
reinforced GGBS/PC concrete and jute fibre reinforced PFA /PC concrete 
(Zhou et al., 2013) 
Type of concrete Ages (days) Peak load (N) K
S
IC 
plain GGBS/PC 7 113.8.95 16.897 
 14 1814.35 25.462 
 28 2075.15 26.019 
FRC-GGBS 7 1607.27 20.265 
 14 2294.69 28.527 
 28 2467.72 33..666 
FRC-PFA 7 1170.65 15.707 
 14 1238.37 16.717 
 28 1480.62 19.964 
 
Toledo Filho et al. (2003) conducted a study on the durability of vegetable fibre reinforced 
mortar composites (VFRMC). Random and aligned sisal and coconut fibres were used 
with fibre volume content of 3 vol%. They used several approaches to improve the 
durability of VFRMC including partial replacement of Portland cement by silica fume (10 
wt%) or blast furnace slag (40 wt%), immersion of vegetable fibres in slurry of SF before 
incorporation in cement matrix (fibres were soaked in silica fume slurry for 10 minutes 
then air dry for 15 minutes) and carbonation of matrix by CO2. The samples were 
subjected to three different ageing conditions: immersion in water, wet/dry cycles (7 days 
for one cycle) and open air weathering (outdoors). Tests carried out after 28 days for 
control, 180 and 322 days as well as 25 and 46 wet/dry cycles. Table 2.6 shows the 
flexural strength and Japanese toughness index for the important part of results. These 
authors concluded that soaking of vegetable fibres in silica fume slurry prior to add them 
into matrix was effective method to reduce embrittlement of composites in long term use 
and the partial replacement of Portland cement by silica fume efficient method to improve 
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durability. However they also stated that replacement of 40 % slag did not significantly 
improve durability of VFRMC composites and the results of carbonation treatment were 
promising alternative for improving the durability but more research is needed to confirm 
the their outcomes.  
Table 2.6: Flexural strength and Japanese toughness index for the important part of 
results (Toledo Filho et al., 2003)  
Mix  Ageing condition Age (days) σb (MPa) TJCI (KN.mm) 
M1S2S1 Control 28 7.51 (4) 0.99 (4) 
M1S2S1 Water 322 7.15 (8) 0.82 (9) 
M1S2S1 Outdoor 322 5.60 (3) 0.86 (17) 
M1S2S1 Wet/dry 46 cycles 3.06 (14) 0.49 (10) 
M1S2S1i Control 28 4.10 (11) 0.59 (7) 
M1S2S1i Water 180 6.16 (13) 0.92 (3) 
M1S2S1i Water 322 5.87 (13) 0.91 (9) 
M1S2S1i Outdoor 180 5.61 (15) 0.71 (10) 
M1S2S1i Outdoor 322 5.81 (4) 0.93 (3) 
M1S2S1i Wet/dry 25 cycles 5.06 (3) 0.62 (7) 
M1S2S1i  Wet/dry 46 cycles 5.52 (15) 0.84 (10) 
M1msS2S1 Control 28 4.86 (8) 0.72 (6) 
M1msS2S1 Water 180 5.51 (13) 0.72 (13) 
M1msS2S1 Water 322 5.07 (7) 0.67 (7) 
M1msS2S1 Outdoor 180 4.74 (4) 0.82 (4) 
M1msS2S1 Outdoor 322 4.32 (13) 0.77 (9) 
M1msS2S1 Wet/dry 25 cycles 5.05 (11) 0.73 (13) 
M1msS2S1  Wet/dry 46 cycles 4.44 (11) 0.83 (9) 
M1S2S1 is untreated VFRMC composites, M1S2S1i is fibre silica fume slurry of 
VFRMC composites, M1msS2S1 is VFRMC composites containing silica fume (10 
wt%), S is sisal 
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Mohr et al. (2007) investigated the effects of partial Portland cement replacement with 
various supplementary cementitious materials (SCM) on the degradation of kraft pulp 
fibre reinforced cement composites. Eight supplementary cementitious materials were 
used including: silica fume (SF), ground granulated blast furnace slag (SL), Class F fly 
ash (FA), Class C fly ash (CA), metakaolin (MK235), metakaolin (MK349), 
diatomaceous earth and volcanic ash (DEVA)  raw and DEVA calcined. Binary, ternary, 
and quaternary blends of SCM were examined. Portland cement partially replaced by 
different ratios of SCM from 10-90 wt%. The fibre volume fraction was 4 vol% in each 
composite. The mechanical performance of composites was evaluated in terms of 
flexural strength and toughness. Tests were carried out at 28 and 78 days for unexposed 
composites and after 1, 2, 5, 10, 15 and 25 wet/dry cycles in which two days for one 
cycle was selected. These authors reported that after 25 wet/dry cycles, kraft pulp fibre 
reinforced cement composites containing 30% or 50% silica fume, 30% metakaolin or 
90% slag did not exhibit any signs of degradation in mechanical testing. Ternary blends 
containing 70% slag/10% metakaolin or 70% slag/10% silica fume were also effective in 
preventing degradation. For example, after 25 wet/dry cycles the peak strength of 
control composite reduced from 10.34 to 2.85 MPa whereas for composite containing 
30% silica fume the peak strength decreased from 11.62 to 8.57 MPa and for composite 
containing ternary SCM (70% slag/10% silica fume) the peak strength decreased from 
11.91 to 6.47 MPa. It was concluded that the primary mechanism for improved 
durability was the reduction in calcium hydroxide content due to SCM addition. 
Toledo Filho et al. (2009) produced cement matrix totally free from calcium hydroxide 
and studied the durability of sisal fibre reinforced mortar laminates. Portland cement was 
replaced by different ratios of metakaolin (MK) and calcined waste crushed clay brick 
(CWCCB) as shown in Table 2.7. They stated that the best partial replacements were 30 
wt % of MK and 20 wt % of CWCCB to produce free Ca(OH)2- matrix. After that they 
used sisal fibres with 400 mm length and fabricated into five layers resulting in a total 
volume content of 10 vol% in each sisal fibre reinforced mortar composite, the composite 
moulding procedure is shown in Figure 2.11. The sisal fibre reinforced mortar composites 
were denominated as M1 (free Ca(OH)2-matrix) and M0. Finally composites tested after 
32 
 
180 days of fog cure and 25, 50, 75 and 100 cycles of wetting and drying (3 days for one 
wet/dry cycle). Figure 2.12 (a and b) show four point bending curves for (a) non-age and 
aged M0 composites (b) non-age and aged M1 composites. They reported that flexural 
strength of M0 composites significantly decreased during wet/dry cycles while the flexural 
strength of M0 composites increased up to 65% after 100 cycles. They indicated that free 
Ca(OH)2 cement matrix prevented the sisal fibre from the degradation in the matrix and  
the durability of sisal fibre reinforced mortar was also maintained.  
 
 
 
 
 
 
 
 
 
 
 
Table 2.7: Calculation of calcium hydroxide (CH) consume (Toledo Filho et al., 
2009) 
Cement paste 
mixture number 
Compostion of the paste 
(PC:MK:CWCCB:Water by weight) 
CH content at 28 days 
(%) 
1 1.00:0.00:0.00:0.40 14.94 
2 0.90:0.10:0.00:0.40 8.02 
3 0.70:0.30:0.00:0.40 3.04 
4 0.60:0.40:0.00:0.40 1.41 
5 0.90:0.00:0.10:0.40 9.57 
6 0.70:0.00:0.30:0.40 5.25 
7 0.60:0.00:0.40:0.40 4.15 
8 0.50:0.25:0.25:0.40 0 
9 0.50:0.30:0.20:0.40 0 
10 0.45:0.30:0.25:0.40 0 
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Figure 2.11: The composite molding procedure: (a) the first layer of matrix being poured 
in the mold, (b) placement of the first fiber layer, (c) placement of the second matrix 
layer and (d) compression of the laminate (Toledo Filho et al., 2009) 
 
 
Figure 2.12: Four point bending curves for (a) non-age and aged M0 composites (b) non-
age and aged M1 composites (Toledo Filho et al., 2009). 
 
Melo Filho et al. (2013) investigated the durability of the sisal fibre-reinforced mortar 
with 50% metakaolin (PC-MK) and without metakaolin (PC) at 28 days and after 25 
wet/dry cycles (75 days after initial curing 28 days). Moreover, some composites was 
subjected to natural conditions and tested at 180 days, 1 year and 5 years. The total 
volume content of sisal fibres was 6 vol% in each composite. The effect of wetting and 
drying cycles on the mechanical behavior under bending load of (a) PC–MK composite 
and (b) PC composite are shown in Figure 2.13. They observed that after 25 wet/dry 
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cycles, the flexural strength of PC and PC-MK composites decreased by 63 % and 23 % 
respectively compared to their control composites at 28 days. Regarding the effect of 
natural condition on composites, Table 2.8 shows the results of four points bending tests 
performed in PC–MK composites subjected to natural aging. They concluded that 50% 
metakaolin replacement significantly prevented the sisal fibres from the degradation in 
cement matrix. SEM images (Figure 2.14 a-d) compared the degradation of sisal fiber 
surface between PC–MK composites and control PC composite after 25 wet/dry cycles. 
The team reported that fiber surface extracted from the PC–MK composites (Figure 2.14b) 
did not show any signs of calcium hydroxide whereas in that fiber surface extracted from 
the PC composites,  it was observed a high concentration of hydration products (Figure 
2.14c) including calcium hydroxide crystals (Figure 2.14d).  
  
 
 
Figure 2.13: Effect of the wetting and drying cycles on the mechanical behavior under 
bending load of (a) PC–MK composite and (b) PC composite (Melo Filho et al., 2013).  
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Table 2.8: Results of four points bending tests performed in PC–MK composites subjected to natural 
aging (Melo Filho et al., 2013). 
Natural 
again time 
LOP 
(MPa) 
Displacement 
at LOP 
(mm) 
Flexural 
strength 
(MPa 
Displacement 
at flexural 
strength (mm) 
Toughness 
(kJ/m2) 
Number 
of 
cracks 
Mean final 
crack 
spacing (mm) 
28 days 9.66 
(0.33) 
0.65 (0.09) 32.50 
(0.62) 
24.77 (0.04) 20.77 (1.03) 17.0 12.0 (2.0) 
180 days 10.55 
(1.17) 
0.59 (0.06) 34.89 
(0.78) 
22.49 (0.90) 21.43 (0.91) 7.5 18.0 (1.3) 
1 year 10.41 
(1.46) 
0.54 (0.13) 34.07 
(1.33) 
19.75 (0.46) 17.88 (1.98) 5.0 19.0 (2.2) 
5 years 11.33 
(1.00) 
0.46 (0.01) 33.36 
(2.02) 
16.70 (1.73) 17.87 (2.30) 5.0 19.0 (2.2) 
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Figure 2.14: Effect of the wetting and drying cycles on the sisal fiber surface: (a) 
reference, (b) fiber extracted from a PC–MK matrix after 25 cycles, (c and d) fiber 
extracted from a PC matrix after 25 cycles (Melo Filho et al., 2013).  
Recently some research showed interesting approach for cement matrix modification. In 
this method, Ca(OH)2 can react with carbonate (CO2) by using accelerated CO2 curing at 
early ages in order to produce limestone (CaCO3). Soroushian et al. (2012) presented 
interesting research by fabricating cement thin sheet (board) reinforced with natural fibres 
as a high performance cementitious composite and using accelerated CO2 curing. They 
investigated the effect of accelerated CO2 curing on the structure and durability of 
cellulose fiber cement composite. Thin-sheet cellulose fiber reinforced cement composites 
were manufactured by using softwood kraft pulp (SSK) with fibre mass fraction of 8 wt% 
and 0.75 wt % of silica fume by weight of Portland (Figure 2.15). In CO2 chamber, 
composites exposed to CO2 environment (10% concentration of carbon dioxide) for 5 
hours at room temperature and 95% relative humidity. The samples were subjected to 25 
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wet/dry cycles according to ASTM C1185 standard. As shown in Figure 2.16, the flexural 
strength and flexural toughness of CO2-cement board increased significantly when 
compared to C and C2 cement board after 25 wet/dry cycles curing. 
 
 
 
Figure 2.15: Typical appearance of the cellulose fiber cement board (Soroushian et al., 
2012)  
 
 
Figure 2.16: Flexural strength (a) and flexural toughness (b) of the cellulose fiber 
cement board (C1 is control, C2 is the same as C but with longer curing, CO2 is 
carbonate curing) (Soroushian et al., 2012).   
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2.4 Nanotechnology and Cement Nanocomposites 
2.4.1 Nanotechnology  
The concept of nanotechnology was first mentioned by physicist Richard Feynman in 
1959 in his lecture “There’s plenty of room at the bottom” (Pacheco-Torgal and Jalali, 
2011b).  Since then many research have been conducted to establish the concepts and 
applications of nano-sciences. Nanotechnology can be defined as the science and 
engineering conducted at the nanoscale ranging 1-100 nano-meters (nm). These extremely 
small things can be used across all the engineering and science field such as materials 
science, chemistry, biology, physics, medicine and others (Hanus and Harris, 2013). 
Today, there is wide research to apply nano-science in industry sectors in order to produce 
nanomaterials with enhanced physical, mechanical and chemical properties. Generally 
nanotechnology involves two main approaches: “top-down” or “bottom-up” methods as 
shown in Figure 2.17. In the “top-down” method, the sizes of bulk materials are reduced to 
the nano-scales with conserving their original properties. In the “bottom-up” method 
which is also called “molecular manufacturing”, nano-structured materials can be made up 
of their atoms or molecular components through a process of assembly or self-assembly 
(Sanchez and Sobolev, 2010).     
In the construction industry or sometimes called the nano-engineering, the nanomaterials 
have been gaining increasing attention to be used in concrete, especially nanoparticles. 
The nanoparticles have been found to improve the strength of nano-engineered concrete. 
As the size of nanoparticles decrease, the specific surface area increases and thus this 
leads to increase the chemical reactivity. As a result of this, nano-engineered concrete 
demonstrates higher strength than the high performance concrete or conventional concrete 
as shown in Figure 2.18 (Sanchez and Sobolev, 2010).  
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Figure 2.17: Illustrations of the ‘‘top-down” and ‘‘bottom-up” approaches in 
nanotechnology (Sanchez and Sobolev, 2010). 
 
40 
 
  
 
Figure 2.18: Particle size and specific surface area related to concrete materials (Sanchez 
and Sobolev, 2010). 
2.4.2 Cement Nanocomposites 
Nowadays, nanotechnology is one of the most active research areas in the civil 
engineering and construction materials (Sanchez and Sobolev, 2010, Singh, 2014). 
Nanoparticles are used in polymer, ceramic and construction materials in order to produce 
nanocomposites that exhibit superior physical and mechanical properties (Pacheco-Torgal 
and Jalali, 2011b, Alhuthali et al., 2012). In the construction industry, several types of 
nanomaterials have been incorporated into concretes or cement based materials such as 
nano-SiO2, nano-Al2O3, nano-Fe2O3, nano-ZnO2, nano-MgO, nano-CaCO3, nano-TiO2, 
carbon nanotubes and nano-ZrO2 in order to improve the durability and mechanical 
properties of concrete and blended Portland cement matrix (Hanus and Harris, 2013, Singh 
et al., 2013). These improvements are mainly attributed to two mechanisms either filler 
effect or pozzolanic reaction or both. But in some cases, nanoparticles can be used to link 
cement matrix such as carbon nanotubes (Hanus and Harris, 2013). Nanoparticles have 
extremely high surface area and small particle size, consequently the nanoparticles acted 
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not only as a filler to improve the microstructure and to fill the micro pores in the matrix, 
but also as the activator to support the pozzolanic reaction (Sanchez and Sobolev, 2010). 
Amorphous nanoparticles have recently been introduced as an advanced pozzolan to 
improve the microstructure and stability of cement based system (Jo et al., 2007, Sanchez 
and Sobolev, 2010, Kawashima et al., 2013). It has been observed that the amorphous 
nanoparticles consumed free lime (calcium hydroxide) during cement hydration and 
formed additional calcium silicate hydrate (CSH) gel due to its high fineness and 
reactivity (He and Shi, 2008, Maheswaran et al., 2013). In addition, the amorphous 
nanoparticle is particularly beneficial in acting as a nucleus to make the cement hydrate 
dense and improves the interfacial transition zone despite of small amount of replacement 
(Singh et al., 2013, Mendes et al., 2015).  
2.4.2.1 Microstructure and Mechanical properties of Cement Nanocomposites 
2.4.2.1.1 Effect of nano-silica or nano-SiO2 (NS) 
Nano-silica or nano-SiO2 (NS) has recently shown promise in improving the 
microstructure, mechanical performance and durability of cement based system (Hanus 
and Harris, 2013, Hosseini et al., 2014a, Singh et al., 2015). It has been used with 
different average particle sizes ranging 5-50 nm and different contents (Jo et al., 2007, 
Givi et al., 2010, Singh et al., 2013, Supit and Shaikh, 2014a). It is gaining increasing 
popularity due to its high pozzolanic reactivity and tiny particles. For these reasons it was 
observed that the NS has both pozzolanic and filler effects (Nazari and Riahi, 2010b, 
Hanus and Harris, 2013, Hou et al., 2013, Senff et al., 2013, Shaikh et al., 2014). 
Qing et al. (2007) studied the effect of as nano-SiO2 (NS) on the compressive and 
flexural strength of cement paste and compared the results with silica fume (SF). 
Portland cement was replaced by 1, 2, 3 and 5 wt% of nano-SiO2 and by 2, 3 and 5 wt% 
of silica fume. Dry mixing method was used to mix cement powder with nano-SiO2 or 
silica fume. For all the specimens, the ratio of cement, water and superplasticizer was 
1:0.22:0.025. It was found that the compressive and flexural strength of nanocomposites 
increased significantly when compared to composites with the same content of SF. For 
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example, at 28 days the compressive and flexural strength of nanocomposites with 5 
wt% NS increased by about 25%, 88% respectively compared to control cement paste 
while the value of composites with 5 wt% SF increased by about 20% and 22% 
respectively. They explained the mechanisms of this improvement as follows: nano-SiO2 
has high surface energy and atoms in the surface have a high activity to contribute in 
chemical reaction. Thus, the pozzolanic activity of nano-SiO2 is higher than that of silica 
fume. Moreover, nano-SiO2 acts as the micro-filler of the cement particles, which can 
reduce the amount of water that filled in the void of the composites. Figure 2.19 shows 
XRD patterns of nanocomposites with 3 wt% NS and composites with 3 wt% SF at 28 
days. These authors indicated that the remarkable reduction in the intensities of Ca(OH)2 
phases in nanocomposites confirmed that nano-SiO2 consumed more Ca(OH)2 crystals 
through pozzolanic reaction than silica fume in which that could lead to improve 
microstructure of nanocomposites.  
   
Figure 2.19: XRD patterns of nanocomposites with 3 wt% NS and composites with 3 wt% 
SF (Qing et al., 2007).  
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Shih et al. (2006) investigated effect of nano-silica on characterization of Portland cement 
composite. Nano-silica particle in aqueous form with a spherical diameter of about 20 nm 
was incorporated into the Portland cement paste at four different dosages; 0.2, 0.4, 0.6 and 
0.8 wt%. The water/cement ratio was 0.55 and specimens were tested at 7, 14, 28 and 56 
days. Results of compressive strengths of cement composite at various contents of NS and 
ages are shown in Figure 2.20. These authors observed that the compressive strength 
increased with an increase in NS content until it reaches the optimum content (0.6 wt%) 
then the value decreased. They indicated that this phenomenon was due to two factors. 
The first one is the packing effect of NS in which NS filled interstitial spaces in composite 
thus that led to an increase in its density and strength. The second factor is pozzolanic 
effect that added more bonding strength and solid volume to microstructure resulting 
higher strength. These authors also carried out microstructural examination by mercury 
intrusion porosimetry (MIP) for cement composite with and without the optimum content 
of NS (0.6 wt%) as shown in Figure 2.21. It was found that the total (cumulative) pore 
volume decreased from 0.244 ml/g for pure cement paste to 0.238 ml/g for cement 
nanocomposite with NS by about 2.18% decrease. This decrease indicated that the 
microstructure of nanocomposite was more consolidated than control cement paste.  
 
Figure 2.20: Compressive strengths of cement composite at various contents of NS and 
ages (Shih et al., 2006).  
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Figure 2.21: Accumulated MIP pore volume of hardened Portland cement composite: (a) 
without NS and (b) with NS (Shih et al., 2006). 
 
Nazari and Riahi (2011b) studied the split tensile strength and microstructure of concrete 
containing ground granulated blast furnace slag (GGBFS) and nano-SiO2 (N). Three types 
of concrete were prepared; control concrete (C0-GGBFS), concrete containing 15, 30, 45 
and 60 wt% GGBFS (labeled as C0-GGBFS15, C0-GGBFS30, C0-GGBFS45 and C0-
GGBFS60) as well as concrete containing 45% GGBFS and 1, 2, 3 and 4 wt% of nano-
SiO2 (labeled as N1-GGBFS, N2-GGBFS, N3-GGBFS and N4-GGBFS).  Samples were 
tested at 7, 28 and 90 days. Figure 2.22 shows the split tensile strength for specimens. 
These authors reported that the optimum content of nano-SiO2 was 3 wt% in which N3-
GGBFS concrete exhibited higher split tensile strength than others. Moreover, it was 
found that the porosity of N3-GGBFS concrete was lower than other concretes. It was 
concluded that 3 wt% of nano-SiO2 consumed rapidly Ca(OH)2 to form more CSH gel and 
refined microstructure of concrete by increase packing density. However, these authors 
stated that the addition more than 3 wt% of nano-SiO2 led to a significant reduction in the 
split tensile and porosity due to the defects generated in dispersion of nanoparticles that 
causes weak zones. 
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Figure 2.22: Split tensile strength for specimens (Nazari and Riahi, 2011b)  
 
Li (2004) investigated the properties of high-fly ash concrete incorporating nano-SiO2 
(SHFAC) at different ages up to two years. Three types of concrete were prepared which 
are control Portland cement concrete (PCC), high-volume fly ash high-strength concrete 
(HFAC) and high-fly ash concrete incorporating nano-SiO2 (SHFAC). The content of 
nano-SiO2 in SHFAC was 4 wt% by binder weight. Samples were tested at 1, 3, 7, 28, 56, 
112, 360 and 720 days. The results of the compressive strength versus time are shown in 
Figure 2.23. It was found that addition of nano-SiO2 to high-volume high-strength 
concrete led to increase in the compressive strength of SHFAC concrete at early and later 
ages. For example, at 720 days the compressive strength of SHFAC, HFAC and PCC was 
115.9, 108 and 10.37 MPa respectively. The authors reported that SHFAC can achieve 
sufficient early compressive strength while maintaining high long term strength. Porosity 
results at 2 years for SHFAC, HFAC and PCC concretes are shown in Figure 2.24. This 
team indicated that the porosity of SHFAC concrete was lower than HFAC and PCC 
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concretes after 2 years. They concluded that the reduction of the pore sizes of SHFAC 
concrete at long term was attributed to high activity and nucleating site effects of nano-
SiO2.  
 
Figure 2.23: Development of the compressive strength versus time (Li, 2004).  
 
 
Figure 2.24: Porosity measurements at 2 years for different concretes (Li, 2004) 
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Rathi and Modhera (2014) studied effect of colloidal nano-SiO2 (CNS) on compressive 
strength of cement mortar with and without fly ash at 28 days. The colloidal nano-silica 
(5-8 nm) was commercially an aqueous dispersion with nano-SiO2 solid content (by 
weight) of 16%. The dosage of colloidal nano-SiO2 (CNS) was from 1 to 6 wt% by mass 
of binder.  Portland cement was replaced by 0, 10, 20 and 30 wt% of FA. As shown in 
Figure 2.25, the compressive strength of cement mortar increased by increasing CNS 
content up to the optimum value (4 wt% CNS) and then it decreased considerably for 
both cement mortar without and with FA. These authors concluded that addition of CNS 
improved the microstructure and compressive strength of cement mortar due to filler and 
pozzolanic effects of CNS.   
 
 
 
Figure 2.25: Compressive strength of cement mortar containing CNS without and with FA 
at 28 days (Rathi and Modhera, 2014).  
 
48 
 
2.4.2.1.2 Effect of nano-ZnO2, nano-ZrO2, nano-Al2O3 and nano-Fe2O3 
Besides nano-silica or nano-SiO2, there are other types of nanoparticles that are used in 
concrete to enhance its physical and mechanical properties. These nanoparticles include 
nano-ZnO2, nano-ZrO2, nano-Al2O3, nano-Fe2O3 (Li et al., 2004a, Antonovič et al., 2010, 
Nazari et al., 2010a, Rashad, 2013, Mendes et al., 2015, Hanus and Harris, 2013). These 
types of nanoparticles mostly have spherical shape with different sizes and the main effect 
of them is filler effect (Campillo et al., 2007, He and Shi, 2008, Sanchez and Sobolev, 
2010, Pacheco-Torgal and Jalali, 2011b).   
Nazari and Riahi (2011a) studied the effects of nano-ZnO2 nanoparticles on flexural 
strength of self-compacting concrete. Cement was partially replaced by 1, 2, 3, 4 and 5 
wt% of nano-ZnO2. They reported that the flexural strength of self-compacting concrete 
containing 4 wt% of nano-ZnO2 at 28 days increased by 59% compared to of self-
compacting concrete containing 1 wt% of nano-ZnO2. This improvement confirmed that 
the pore structure of self-compacting concrete containing nano-ZnO2 nanoparticles was 
improved. 
In another work, Nazari and Riahi (2012) studied the flexural strength of concrete 
containing ground granulated blast furnace slag (45%GGBFS) and different ratios of 
nano-ZrO2. Cement binder was partially replaced by 1, 2, 3 and 4 wt% of nano-ZrO2. It 
was found that the optimum content of nano-ZrO2 was 3 wt%. The authors reported that 
the flexural strength of concrete containing ground granulated blast furnace slag 
(45%GGBFS) and 3 wt% of nano-ZrO2 at 90 days increased by 11% and 45 % 
compared to concrete containing only 45%GGBFS and control concrete without GGBFS 
respectively.  
Nano-Al2O3 is also gaining attention to be used in concrete. Although there are few 
research about it, it was mentioned that nano-Al2O3 could improve the mechanical 
properties of concrete especially the modulus of elasticity. Li et al. (2006b) investigated 
the effect of nano-Al2O3 dispersion on the modulus of elasticity and compressive strength 
of cement mortar at 28 days. The loading of nano-Al2O3 was 3, 5 and 7 wt% as 
replacement of Portland cement. As shown in Figure 2.26, they reported that the modulus 
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of elasticity of mortar containing 5 wt% of nano-Al2O3 increased by 243% compared to 
control mortar in which the dosage of 5 wt% of nano-Al2O3 considered the ideal content. 
In contrast, the addition of nano-Al2O3 did not show any significant increase in the 
compressive strength at 28 days.   
 
 
 
Figure 2.26: Modulus of elasticity and compressive strength of mortars (Li et al., 2006b). 
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A similar work was done by Nazari et al. (2010b) where the influence of nano-Al2O3 
nanoparticles on compressive strength and workability of concrete at 90 days was 
investigated. Nano-Al2O3 nanoparticles were used with four different loadings of 0.5, 0.1, 
1.5 and 2.0 wt % of Portland cement. They reported that compressive strength increased 
with increase of nano-Al2O3 content up to 1 wt% and then it decreased. This was due to 
efficiency of of nano-Al2O3 to fill pores in the microstructure. However, these authors 
reported that addition of nano-Al2O3 adversely reduced the workability of fresh concrete.  
Nano-Fe2O3 is also an interesting nanomaterial that can be used in construction and 
building materials (Nazari and Riahi, 2010a, Rashad, 2013). Nano-Fe2O3 has been found 
to enhance the tensile, compressive and flexural strength of concrete as well as provide 
self-sensing capability of concrete structure. Nazari et al. (2010a) investigated the 
compressive strength of concrete containing nano-Fe2O3 at 90 days. Nano-Fe2O3 with the 
average size of 15 nm was used with diverse contents of 0.5, 1, 1.5 and 2 wt% t of cement 
powder. The results showed that concrete containing 1 wt% nano-Fe2O3 exhibited the 
highest compressive strength when compared to their counterparts. In other words, the 
compressive strength of concrete containing 1 wt% nano-Fe2O3 increased from 42.3 to 
46.1 MPa by about 9% increase compared to control concrete. This enhancement was 
attributed to filling and pozzolanic effects of nano-Fe2O3.  
Yazdi et al. (2011) studied the effect of adding nano-Fe2O3 on the tensile and compressive 
strength of cement mortar at 7 days. Nano-Fe2O3 with the average size of 30 nm was used 
with various contents of 1, 3 and 5 wt% of Portland cement. After sample preparation, 
control mortar and mortar containing 1, 3 and 5 wt% of nano-Fe2O3 was termed as N0, 
1NF, 3NF and 5NF. The results of compressive and tensile strength are shown in Figure 
2.27. It was found that addition of nano-Fe2O3 improved strengths over control cement 
mortar and the optimum content of nano-Fe2O3 was 3 wt%. The compressive and tensile 
strength of mortar containing 3 wt% nano-Fe2O3 increased by about 74% and 49% 
increase respectively compared to control mortar. The authors stated that this 
improvement was due to the capacity of nano-Fe2O3 to fill micro-voids and consume 
calcium hydroxide crystals in mortar microstructure.    
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Figure 2.27: Compressive and tensile strength for control mortar (C0) and mortar 
containing 1, 3 and 5 wt% of nano-Fe2O3: namely 1NF, 3NF and 5NF (Yazdi et al., 2011).    
Li et al. (2004b) investigated the influence of nano-SiO2 and nano-Fe2O3 on the 
microstructure and mechanical properties of cement mortar. Portland cement (PC) was 
partially substituted by nano-SiO2 or nano-Fe2O3 of 3, 5 and 10% by weight of PC. The 
team used wet mixing method, in which water and nanoparticles were mixed by rotary 
mixer and then cement and sand were added. Water/binder ratio was 0.5 and samples were 
tested at 7 and 28 days. Table 2.9 shows the compressive and flexural strengths of 
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mixtures at 28 days. The results showed that the addition of nano-SiO2 or nano-Fe2O3 
significantly improved the strengths when compared to control cement mortar. It was also 
found that as the nano-SiO2 content increased, the compressive and flexural strengths also 
increased gradually. Moreover, the optimum content of nano-Fe2O3 was found to be 3 
wt%, in which the compressive and flexural strengths of nanocomposites increased by 
26% and 18% respectively. However it was noticed that the compressive strengths of 
nanocomposites containing higher content of nano-Fe2O3 decreased as nano-Fe2O3 content 
increase. For example the compressive strengths of nanocomposites containing 10 wt% of 
nano- Fe2O3 decreased by 21% compared to nanocomposites containing 3 wt% of nano- 
Fe2O3. These authors concluded that the improvement in mechanical properties was due to 
the better dispersion of the nano-particles as well as reduction of Ca(OH)2 but the 
reduction in mechanical properties was attributed to poor dispersion of the nano-particles 
that created weak zone as in form of voids. They also supported their argument with SEM 
photographs of mixtures A, C1, B1 and B3 as shown in Figure 2.28(a-d). The 
microstructure of mixture B3 containing10 wt% of nano- Fe2O3 was similar to pure 
mixture A in terms of the existence of pores, needle of hydrates and Ca(OH)2 crystals that 
indicated poor filler and pozzolanic effects. In contrast, the microstructure of mixture C1 
containing 3 wt% of nano-SiO2 and B1 containing 3 wt% of nano- Fe2O3 were more dense 
and compact in terms of the increase of CSH gel, few pores and less Ca(OH)2 crystals that 
revealed good filler and pozzolanic effects occurred in these mixtures.   
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Table 2.9: Compressive and flexural strengths of mixtures at 28 days (Li et al., 
2004b)  
Mixture No. Compressive strength (MPa) Flexural strength (MPa) 
A 28.9 4.9 
B1 36.4 5.8 
B2 33.1 6.0 
B3 30.0 - 
C1 32.9 5.8 
C2 33.8 6.2 
C3 36.4 - 
(A) is control cement mortar, (B1, B2,B3) are cement nanocomposites 
containing 3, 5 and wt% of nano- Fe2O3, (C1,C2,C3) are cement 
nanocomposites containing 3, 5 and wt% of nano-SiO2 
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Figure 2.28: SEM photographs of mixtures (a) A, (b) C1, (c) B1 and (d) B3 (Li et al., 
2004b). 
2.4.2.1.3 Effect of nano-CaCO3 
Nano-CaCO3 has been recently introduced in cement composites. Some studies have 
suggested a potential benefit of the mechanical and physical properties of nano-CaCO3 on 
the development of cementitious materials particularly for high volume fly ash concrete 
(Camiletti et al., 2012, Shaikh and Supit, 2014, Mendes et al., 2015). Nano-CaCO3 can 
accelerate setting time and early development of compressive and flexural strength (Sato 
and Beaudoin, 2010, Makar et al., 2012).  
Li et al. (2015a) studied the effect of nano-CaCO3 (NC) on flexural and compressive 
strength of (UHPC) ultra-high-performance concrete (20% silica fume, 10% fly ash). 
Portland cement was partially substituted by 1, 2, 3 and 4 wt% of nano-CaCO3 (NC) by 
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weight of cement. The water/binder ratio of 0.16 was used and the samples were tested 
at 28 days standard curing. It was found that 3 wt% NC was the optimum content in 
which the flexural and compressive strength of UHPC nanocomposites increased by 
18% and 10% respectively when compared to control UHPC composites. These authors 
reported that this improvement in strengths can be attributed to filler effect of NC that 
makes the microstructure more compacted with few micro-pores.  
Liu et al. (2012) studied the incorporation of nano-CaCO3 (NC) with average diameter of 
15 nm in Portland cement paste. In that experiment, Portland cement was replaced by 1, 2, 
and 3 wt% of nano-CaCO3. The water/binder ratio was 0.45 and the test was done at 7 and 
28 days. Figure 2.29 shows the influence of nano-CaCO3 (NC) on the initial and final 
setting time of cement paste and nanocomposites. It was found that as NC content 
increased the setting time decreased and then accelerated hydration reaction, this 
improvement was due to the small sizes and high surface energy of NC that could adsorb 
Ca
+2
 and OH
-
 on the surface of NC. For example the final setting time of 3 wt% NC 
nanocomposite dropped down from 260 to 207 minutes. The flexural and compressive 
strengths of cement paste and nanocomposites at 7 and 28 days are shown in Figure 2.30. 
In general, it was observed that addition of NC into cement paste enhanced the strengths. 
It was noticed that the flexural strength of cement paste reached its maximum when the 
content of NC was 1 wt%, but the compressive strength reached its maximum when the 
content of NC was 2 wt%. These authors stated that the compressive strength with 2 wt% 
NC didn’t increase very much compared with 1 wt% and thus it could be considered that 1 
wt% was the optimal content of NC. However, they reported that the improvement in 
flexural and compressive strength was due to the filling effect of NC that making 
microstructure more dense and also the consuming of Ca(OH)2 grains that led to 
production of more CSH gel.    
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Figure 2.29: Initial and final setting time of cement paste and nanocomposites (Liu et al., 
2012) 
 
Figure 2.30: The flexural and compressive strength of cement paste and nanocomposites 
(Liu et al., 2012). 
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Supit and Shaikh (2014b) presented an experimental study on the effect of nano-CaCO3 
content on compressive strength of mortar and high volume fly ash (HVFA) mortar 
containing 40 wt% and 60 wt% fly ash as partial replacement of cement. Portland 
cement was partially substituted by 1, 2, 3 and 4 wt% of nano-CaCO3 by weight of 
cement. The dry mixing method of cement, fly ash, nanoparticles and sand was used and 
water/binder ratio was 0.4 and finally specimens were cured and tested at 7 and 28 days.  
The effects of nano-CaCO3 content on compressive strength of control mortar (PC), 
mortar containing NC (NC1,2,3,4) pure high volume fly ash mortar (FA40, FA60) and 
high volume fly ash mortar containing 1 wt% NC (FA39NC1, FA59NC1) are shown in 
Figure 2.31. For cement mortar, it can be seen that 1 wt% NC was the best content in 
terms of the highest compressive strength of NC1 mortar at 7 and 28 day when 
compared to other cement mortar. Its strength increased by 22% and 18% compared to 
control PC mortar. The same trend was seen when the addition of nano-CaCO3 enhanced 
the strength of high volume fly ash mortar at 7, 28 day. For example the compressive 
strength of FA59NC1 mortar at 28 days increased from 16 to 33 MPa by about 106 % 
compared to pure FA40 mortar. The microstructure of control cement paste and 1%NC 
cement paste was examined by backscatter scanning electron microscope (SEM) images 
as shown in Figure 2.32. It was found that control cement paste (Figure 2.32 a) had more 
un-hydrated cement particles (UC) and pores or cracks (black spots) while 1 wt%NC 
cement paste appeared more uniform and dense (Figure 2.32 b). The authors reported 
that improvement in early and later compressive strength and compacting microstructure 
of mortar was attributed to pronounced filler and pozzolanic effects of nano-CaCO3.  
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Figure 2.31: Compressive strength of  control mortar (PC), mortar containing NC 
(NC1,2,3,4) pure high volume fly ash mortar (FA40, FA60) and high volume fly ash 
mortar containing 1 wt% NC (FA39NC1, FA59NC1) (Supit and Shaikh, 2014b).    
 
 Figure 2.32: SEM backscattered images of control cement paste and 1 wt%NC cement 
paste (Supit and Shaikh, 2014b). 
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Kawashima et al. (2013) studied the influence of 5 wt % nano-CaCO3 on setting time 
and compressive strength of cement paste containing 50% or 30% fly ash at 1, 3, 7 days. 
During sample preparation, two techniques were used to disperse NC into matrix; dry 
mix of NC with binder (Blended) and sonication mix where NC was sonicated for 30 
minutes in an aqueous solution at 15% concentration. It was found that final setting 
time/h of plain cement paste (OPC), 50FA, 50FA 5CaCO3 (Blended) and 50FA 5CaCO3 
(Sonicated) composites was 5.4, 7.4, 6.1 and 5.4 h. These authors reported that addition 
of the sonicated nano-CaCO3 overcame the delay of setting time caused by replacement 
of 50% fly ash and then it increased the setting time better than blended nano-CaCO3. 
Figure 2.33 shows the compressive strength of the cement paste (OPC), 30FA, 30FA 
5CaCO3 (Blended) and 30FA 5CaCO3 (Sonicated) composites at 1, 3 and 7 days. Again, 
it was found that the compressive strength of 30FA 5CaCO3 (Sonicated) composites 
increased significantly over typical 30FA.   
 
 
Figure 2.33: Compressive strength of the cement paste (OPC), 30FA, 30FA 5CaCO3 
(Blended) and 30FA 5CaCO3 (Sonicated) composites at 1, 3 and 7 days (Kawashima et 
al., 2013).  
 
60 
 
2.4.2.1.4 Effect of carbon nanotubes (CNTs) 
Carbon nanotubes (CNTs) and nanofibers (CNFs) are gaining widespread attention to be 
used in cement based materials (Makar et al., 2005, Siddique and Mehta, 2014, Singh, 
2014). They are often used as nano-reinforcements in concrete or any building materials in 
order to improve the resistance to micro-crack propagation in nanocomposites (Figure 
2.34) (Sanchez and Sobolev, 2010, Han et al., 2015). The common types of carbon 
nanotubes that used are single-wall CNT (SWCNT) and multi-wall CNT (MWCNT) that 
have high aspect ratio and surface areas (Li et al., 2005, Han et al., 2015). The 
incorporating of CNTs into cement composite can improve the mechanical and physical 
properties significantly and also interaction zone between CNT and hardened cement 
products (Nochaiya and Chaipanich, 2011, Hu et al., 2014, Kim et al., 2014). Up to date 
one of the most challenges that limited the use of CNTs in construction is due to their 
tendency to agglomerate that leads to poor dispersion in cement paste or mortar when it 
blends by conventional mixing methods such as dry mixing, wet mixing or normal 
aqueous form (Cwirzen et al., 2009, Sobolkina et al., 2012). The various methods have 
been carried out to improve the dispersion of CNTs into cement matrix either by using 
sonication, pre-treatment or chemical dispersing agent or together (Li et al., 2007a, 
Siddique and Mehta, 2014, Han et al., 2015).  
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Figure 2.34: Crack bridging observed in SWCNT-cement nanocomposites at age of 3 day 
(Sanchez and Sobolev, 2010).   
Musso et al. (2009) studied the effect of adding 0.5 wt% of MWCNT on the flexural 
strength and compressive resistance of cement mortar at 28 days. Three types of MWCNT 
were used; p-CNTs (Pristine MWCNTs), a-CNTs (annealed MWCNTs) and f-CNTs 
(carboxyl-group functionalized MWCNTs). In experimental procedure, the three types 
were first dispersed using acetone and sonication and then viscosity modifying agent and 
superplasticizer were added to the mixture during the mixing. As shown in Table 2.10, the 
results indicated that the flexural strength and compressive resistance of p-CNTs 
nanocomposites increased by 34% and 10% respectively compared to plain mortar. On the 
other hand, the flexural strength and compressive resistance of f-CNTs nanocomposites 
decreased significantly compared to plain mortar. The authors concluded that because of 
the existence of hydrophilic groups on the f-CNT surface, f-CNTs were very hydrophilic 
to absorb a lot of the water  in the cement mixture consequently the hydration reaction of 
the cement paste was obstructed. 
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Table 2.10: Modulus of rupture and compression resistance of the cement with and 
without addition of MWCNTs (Musso et al., 2009). 
Sample  Modulus of rupture 
(MPa) 
Compression resistance 
(kN) 
Plain cement 7.5 104 ± 20 
Cement w 0.5 wt.% of p-CNTs 10.1 115 ± 18 
Cement w 0.5 wt.% of a-CNTs 8.2 122 ± 14 
Cement w 0.5 wt.% of f-CNTs 2.9 15 ± 3 
 
Konsta-Gdoutos et al. (2010) studied mechanical propertied of cement paste reinforced 
with MWCNTs at 28 days. The short and long MWCNTs with different amount of 0.048, 
0.08 and 1 wt% for short and 0.025, 0.048 and 0.08 wt% for long one were used. In order 
to achieve homogeneous dispersion of MWCNTs in the mixing water, an aqueous 
surfactant solution and sonication were employed. After sonication, Portland cement was 
added to MWCNT suspension and mixed in Hobart mixer with the W/C ratio of 0.3. The 
results showed that the flexural strength of short 0.08 wt% MWCNTs and long 0.048 wt% 
MWCNTs nanocomposites increased by about 37% and 25% respectively compared to 
plain cement paste as well as the Young’s modulus of both nanocomposites increased by 
about 35% and 24% respectively.  
Hu et al. (2014) investigated the influence of carbon nanotube on the fracture toughness of 
cement-nanocomposites at 28 days. Common MWCNTs and carboxyl group (MWCNTs-
COOH) were used and the content of each one was 0.05 and 0.1 wt% of cement. In order 
to achieve better dispersion of MWCNTs or MWCNTs-COOH, each one was dispersed in 
water using solution containing Sodium Dodecyl Sulfate (SDS) as surfactant, Gum Arabic 
Powder (GAP) and Polyethylene glycol (PEG400) after that aqueous solution was 
subjected to sonication. Later during mixing, superplasticizer and antifoaming agent were 
used too. Table 2.11 shows the summary of the results. These authors reported that 
fracture toughness rather than compressive strength of MWCNTs-cement composites 
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improved significantly, and MWCNTs-COOH could improve the fracture, compression 
and physical properties of the nanocomposite better than common MWCNTs. In 0.1 wt% 
MWCNTs-COOH nanocomposites, the fracture toughness and fracture energy increased 
by 19.2% and 42.9% respectively over the control composite whereas in 0.1 wt% 
MWCNTs nanocomposites, their values increased by 11.4% and 26.2% respectively.    
   
Table 2.11: Test results of the MWCNT-cement specimens (Hu et al., 2014). 
Mixture  %CNTs Compressive 
strength (MPa) 
Fracture 
toughness 
(MPa.m
1/2
) 
Fracture 
energy (N/m) 
Porosity (%) 
JJ00 0 96.0 0.510 59.5 21.66 
JJ50 0.05 96.5 0.542 72.3 - 
JJ10 0.1 93.8 0.558 75.5 24.84 
CO05 0.05 101.1 0.545 72.9 - 
CO10 0.1 100.8 0.608 85.0 15.70 
JJ00 is control cement paste, JJ50 and JJ10 represent for MWCNTs-cement 
composites, CO05 and CO10 for (MWCNTs-COOH)-cement composites.  
 
Xu et al. (2015) studied the mechanical properties and microstructure of MWCNTs-
reinforced cement paste at 28 days. Content of MWCNTs was 0.025, 0.05, 0.1 and 0.2 
wt% of cement. In that study, MWCNTs dispersed in water by using surfactant solution 
(TNWDIS) and sonication followed by centrifugation after that  MWCNTs were stored 
stably for over three months. Preparation of the specimens was done as follows; 
MWCNTs dispersion and water were first mixed in mixer followed by cement as well as 
W/C ratio was 0.33. These authors reported that when the content of MWCNTs increased 
the compressive and flexural strength increased and also the porosity decreased (Table 
2.12). They stated that the proposed technique for dispersing MWCNTs in water was 
efficient in terms of improvement in strengths.     
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Table 2.12: Mechanical and physical properties of nanocomposites at 28 days (Xu et 
al., 2015). 
Sample MWCNT 
content (wt%) 
Compressive strength 
(MPa) 
Flexural strength  
(MPa) 
Porosity (%) 
C0 0 84.8 4.0 21.95 
C1 0.025 90.1 4.3 21.62 
C2 0.05 95.6 4.6 - 
C3 0.1 97.2 5.2 21.10 
C4 0.2 - 5.6 20.96 
 
Parveen et al. (2015) studied the microstructure and mechanical properties of carbon 
nanotube reinforced cement mortar developed using Pluronic F-127 as a new dispersion 
technique. The team obtained CNT aqueous suspensions by mixing and stirring CNTs, 3 
vol% Pluronic F-127 surfactant and defoaming agent in water for 10 minutes followed 
by sonication and centrifuge. Four types of carbon nanotubes were used; SWNT, 
MWNT, f-SWNT (functionalized SWNT) and f-MWNT (functionalized MWCNT) an 
also the loadings of each types was 0.08 and 0.1 wt% of cement. The researchers 
reported that addition of 0.1 wt% SWNT improved flexural and compressive strengths 
of mortar by 7% and 19% respectively over control mortar at 28 days. Flexural and 
compressive strengths with 0.08 wt% f-SWNT increased with the hydration period up to 
17% and 23% after 56 days. They concluded that Pluronic F-127 surfactant can be 
successfully employed to disperse carbon nanotubes in cement matrix.  
Zou et al. (2015) studied the effect of ultrasonication energy (UE in unit J/mL) on 
mechanical properties of carbon nanotube-cement pastes at 28 days. Multi-walled carbon 
nanotubes functionalized with COOH groups (CNT) were used with two contents of 0.038 
and 0.075 wt% by cement weight. CNT suspensions were prepared by using 
polycarboxylate Superplasticizer and subjected to five ultra-sonication energy (UE of 25, 
65 
 
75, 150, 250 and 400 J/mL). As shown in Table 2.13, for the nanocomposite containing 
0.038 wt% CNT (CNT-1 mix), it was clearly shown that the mixture with a UE of 75 J/mL 
exhibited the best mechanical performance of all five mixes with UEs from 25 J/mL to 
400 J/mL. Moreover, for the nanocomposite containing 0.075 wt% CNT (CNT-2 mix), the 
mixture with a UE of 150 J/mL indicated the highest mechanical improvement in Young’s 
modulus, flexural strength and fracture energy compared to all other samples. These 
authors recommended that an optimal UE for achieving good mechanical properties of 
CNT cement nanocomposites could be 50 J/mL per unit CNTs to suspensions weight ratio.   
Table 2.13: Effect of UE on Young’s modulus (E), flexural strength (σf), and fracture 
energy (GF) of reference cement paste (R) and nanocomposites (Zou et al., 2015). 
Mix  CNT content (wt%) UE (J/mL) E (GPa) σf (MPa) GF (N/m) 
R 0 0 16.36 4.11 7.28 
CNT-1 0.038 25 17.14 4.55 8.39 
CNT-1 0.038 75 18.67 5.15 9.75 
CNT-1 0.038 150 18.52 5.13 9.54 
CNT-1 0.038 250 18.39 4.91 9.04 
CNT-1 0.038 400 18.28 4.81 8.78 
CNT-2 0.075 25 17.12 4.43 8.38 
CNT-2 0.075 75 19.82 5.43 10.26 
CNT-2 0.075 150 21.52 6.16 11.83 
CNT-2 0.075 250 21.29 6.11 11.29 
CNT-2 0.075 400 20.84 5.68 10.84 
 
 
2.4.2.1.5 Effect of nano-TiO2 
Nano-TiO2 is gaining consideration to be used in concrete. The main application of nano-
TiO2 in concrete relates to its photocatalytic capacity that including self-cleaning, air-
cleaning (air pollution reduction) and anti-bacterial (Mamulova Kutlakova et al., 2011, 
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Pacheco-Torgal and Jalali, 2011b, Matějka et al., 2012, Meng et al., 2012, Hanus and 
Harris, 2013) . When nano-TiO2 is used in concrete, photocatalytic process can help to 
decompose organic materials (such as grime and oil), biological materials (such as fungi 
and bacteria) and pollutants (such as volatile organic compounds (VOCs) and tobacco 
smoke) (Sanchez and Sobolev, 2010, Mendes et al., 2015). Nano-TiO2 can be amorphous 
or crystalline phase (Li et al., 2006a, Nazari and Riahi, 2011c). However, a few studies 
have shown that nano-TiO2 can speed up the rate of hydration reaction and also enhance 
compressive strength and flexural strength of concrete (Li et al., 2007b, Zhang and Li, 
2011, Chen et al., 2012). 
Nazari (2010) investigated the flexural strength of concrete incorporating with nano-
TiO2 at 7, 28 and 90 days. TiO2 nanoparticle was in the amorphous phase with average 
size of 15 nm that means TiO2 nanoparticle has pozzolanic actively effect. Portland 
cement was replaced by 0.5, 1, 1.5 and 2 wt% of nano-TiO2. It was found that the 
optimal level of TiO2 nanoparticle was 1 wt% at all ages. These authors reported that at 
age of 90 days the flexural strength of nanocomposite containing 1 wt% nano-TiO2 
increased from 4.7 to 6.0 MPa by about 27% when compared to control concrete due to 
filler and pozzolanic effects of TiO2 nanoparticles.  
Chen et al. (2012) studied the effect of two types of nano-TiO2 on the hydration and 
mechanical propertied mortars at 3, 7 and 28 days.  The two types of TiO2 nanoparticles 
were P25 (75% anatase and 25% rutile) and Anatase (99% anatase) and also both were 
in the crystalline phase that means TiO2 nanoparticles are not a pozzolanic material. 
Portland cement was replaced by 5 and 10 wt% of each types of nano-TiO2. The results 
showed that the porosity (%) of nanocomposites decreased with increased content of 
P25 or Anatase nano-TiO2. These authors reported that the improvement of pore 
structure and could only be attributed to the micro-filling effect of TiO2 nanoparticles. 
The compressive strengths of reference mortar and nanocomposites are shown in Figure 
2.35. It was found that the compressive strength of the nanocomposites was significantly 
improved at all ages due to the addition of nano-TiO2. For example nanocomposite 
containing 10 wt% of P25 nano-TiO2 increased by 25% and 11% compared to reference 
mortar and nanocomposite containing 10 wt % of Anatase nano-TiO2 respectively. 
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Figure 2.35: Compressive strengths of reference mortar and nanocomposites (Chen et al., 
2012).  
 
2.4.2.2 Thermal properties of Cement Nanocomposites 
The thermal properties of nanocomposites are intrinsic properties that determine their 
energy performance and provide information about the structure-property relationship of 
these materials. The thermal properties often include thermal stability, conductivity, 
resistance, extension and specific heat capacity (Shaikh and Supit, 2014, Singh et al., 
2015). In last decade, lots of studies in cement-nanocomposites have focused on the 
thermal analysis and thermal stability by using several methods such as thermogravimetric 
analysis (TGA), differential thermal (DTA) derivative thermogravimetry (DTG) and 
differential scanning calorimetry (DSC) (Chaipanich et al., 2010, Xu et al., 2011, Heikal 
et al., 2013). 
The measurement of weight loss of the material as a function of temperature under 
selected atmosphere in each stage can be obtained using TGA. In DTA, the heat changes 
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within a material are monitored by measuring the difference in temperature between the 
sample and the inert reference. This differential temperature is then plotted against 
temperature to get DTA curve. DSC measures the heat flow rate associated with a thermal 
event as a function of temperature. In DTG method, a DTG curve presents the rate of mass 
change (dm/dt) as a function of temperature or time against temperature (Aly et al., 2012, 
Li et al., 2015b).  
Singh et al. (2011) studied the effect of nano-SiO2 on the thermal stability of cement 
paste at 28 days. Portland cement was replaced by 5 wt% of nano-SiO2 and also 5 wt% 
of silica fume was used for comparison. TGA curves of samples (Figure 2.36) showed 
three stages of decomposition; weight loss up to 200°C due to surface water desorption 
as well as loss of water from C‐S‐H gel layer and from the dehydration of ettringite, 
after that the weight loss about 450‐500°C is due to the thermal decomposition of 
Ca(OH)2  followed by the third decomposition between 670-780°C due to carbonated 
phases and calcite. It was found that at all stages the weight loss (%) of cement paste 
containing 5 wt% of nano-SiO2 was lower than cement paste and cement paste 
containing 5 wt% of silica fume. These authors reported that the small size and 
pozzolanic reactivity of nano-SiO2 led to improving the microstructure of cement-
nanocomposites as a result of this cement paste containing 5 wt% of nano-SiO2 showed 
better thermal stability than others.  
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Figure 2.36: TGA curves of samples (Singh et al., 2011).   
 
Chen et al. (2012) investigated the thermal stability of cement composites containing 10 
wt% of TiO2 nanoparticles called P25 (75% anatase and 25% rutile) at age of 3, 7 and 28 
days. As shown in Figure 2.37 (a & b), it was found that weight loss (%) of cement paste 
containing 10 wt% of nano-TiO2 was less than control cement paste. The team reported 
that the addition of nano-TiO2 accelerated the hydration reactions at the early ages and 
improved the microstructure through filler effect and thus the thermal stability of 
nanocomposites was enhanced.  
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Figure 2.37: TGA curve of; (a) control cement paste and (b) 10 wt% nano-TiO2 cement 
paste (Chen et al., 2012).  
 
Rong et al. (2015) investigated the influence of nano-SiO2 particles on the thermal 
properties of ultra-high performance cementitious composites (containing 33 wt% of fly 
ash). Portland cement was replaced by 1, 2, 3 and 5 wt% nano-SiO2 and it was found that 
the optimum content of nano-SiO2 was 3 wt% in which nanocomposites (NS3) containing 
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3 wt% nano-SiO2 exhibited better mechanical results than others. The thermal stability 
was investigated by using TGA (TG) and DSC techniques. Figure 2.38 shows the TGA 
(TG) and DSC results of control cement composite (N0) and NS3 at the curing times of 7 
days. The authors found that the peak height (at about 421°C in DSC curves) of the 
hydrated Ca(OH)2 in NS3 was lower than that in N0. That indicated that the amount of 
Ca(OH)2 in the sample reduced with the addition of nano-SiO2. Moreover, the reduction of 
mass loss value in the temperature interval of 400–500°C implied the consumption of 
Ca(OH)2 due to the high pozzolanic activity of SiO2 nanoparticles. The team concluded 
that addition of SiO2 nanoparticles improved the thermal stability of nanocomposites.  
 
 
Figure 2.38: TG/DSC results of: (a) control cement composite (N0) and (b) NS3 at the 
curing times of 7 days (Rong et al., 2015). 
 
Abdel Aleem et al. (2014) studied the thermal expansion of cement containing nano-
silica at 28 days. The Portland cement was replaced by 1, 2, 3, 4 and 5wt% nano-silica 
and it was found that the optimum content of nano-silica (NS) was 3 wt% in which 
nanocomposites (NS3) containing 3 wt% nano-silica exhibited better mechanical results 
than others. Figure 2.39 shows the thermal expansion coefficient (10
-6
/K) of cement 
paste and nanocomposites at 28 days. It was noticed that replacing Portland cement with 
nano-silica was shown to be efficient for mitigating the thermal expansion coefficient of 
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cement paste. The nanocomposites containing 2 wt% of nano-silica exhibited lower 
thermal expansion coefficient than other samples up to 100°C. These authors reported 
that nano-silica reduced the thermal expansion of cement nanocomposite due to the 
highly pozzolanic activity of nano-silica to react with of Ca(OH)2, producing the 
amorphous CSH gel.  
 
 
Figure 2.39: Thermal expansion coefficients of cement paste and nanocomposites at 28 
days (Abdel Aleem et al., 2014).  
 
2.5 Cement Nanoclay Nanocomposites 
2.5.1 Introduction   
Nanoclay platelets are clay minerals heightened for use in clay nanocomposites. Nanoclay 
is a broad class of naturally occurring inorganic minerals, but montmorillonite platelets is 
the most commonly used in polymer materials applications. In last two decades, polymer-
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nanoclay nanocomposites have received much attention in both manufacturing and 
applications (Hussain et al., 2006, Alhuthali et al., 2012). Polymer-nanoclay 
nanocomposites have superior physical, mechanical and thermal properties. Several 
studied have been carried out to investigate the effect of nanoclay addition in the 
improvement of physical, mechanical and thermal properties of several types of polymer 
matrices such as polythylene, epoxy, polypropylene, etc. (Alamri et al., 2012). On the 
other hand, few studies have been carried out on using nanoclay in construction and 
building materials. Nanoclay is a new processed clay for a wide range of high-
performance cement nanocomposite (Chang et al., 2007, Morsy and Aglan, 2007, He and 
Shi, 2008, Sanchez and Sobolev, 2010, Rashad, 2013, Wei and Meyer, 2014c). As a kind 
of nano-pozzolanic material, nanoclay not only reduces the pore size and porosity of the 
cement matrix, but also improves the mechanical and thermal properties of cement 
nanoclay nanocomposites (Morsy et al., 2009, Farzadnia et al., 2013, Quanji et al., 2014).   
2.5.2 Structure of Clay  
Clay mineral is hydrous magnesium and aluminium phyllosilicates with small amounts of 
calcium, sodium, iron or other alkali metals. Chemically, it is layered structure that 
contains two types of sheets which are tetrahedral or octahedral (Choudalakis and Gotsis, 
2009, Kiliaris and Papaspyrides, 2010). These sheets can arrange in two crystal structures; 
1:1 or 2:1 form. The 1:1 clay structure can comprise one aluminum octahedron sheet and 
one silicon tetrahedron sheet. The 2:1 clay structure can consist of an aluminum oxide 
octahedron sandwiched between two layers of silicon dioxide tetrahedron. The silicate 
layers in the 2:1 layered structures that are drawn towards each other by the Van de Waals 
forces .The thickness of each layered sheet is approximately 1 nm whereas the lateral 
dimensions can range from 30 to 200 nm or even more (Hussain et al., 2006, Kuo et al., 
2006, Jo et al., 2008, Pavlidou and Papaspyrides, 2008). An example of 1:1 structure 
would be kaolin group that includes the minerals such as kaolinite, halloysite, dickite and 
nacrite. An example of 2:1 structure would be smectite group (such as montmorillonite, 
hectorite and saponite mineral), illite group (such as illite mineral) and vermiculite group 
(such as vermiculite mineral) (Hussain et al., 2006, Choudalakis and Gotsis, 2009). 
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Montmorillonite clay is one of the widespread layered silicates being investigated for its 
properties (Thostenson et al., 2005, Kuo et al., 2006). It has 2:1 layered silicates 
structure as shown in Figure 2.40 (Hussain et al., 2006, Jo et al., 2008). Montmorillonite 
is used widely in polymer matrix due to its high surface area (750 m
2
/g), aspect ratio 
(ranging 10-1000) and surface reactivity (Sinha Ray and Okamoto, 2003, Kiliaris and 
Papaspyrides, 2010).  Consequently, small amounts of montmorillonite clay have 
extremely high surface areas that can be effectively utilized for interaction with matrix 
and thus fill the micro-pores and also especially in cement matrix react with free lime 
through pozzolanic reaction to produce additional C–S–H gel (Chang et al., 2007, Morsy 
and Aglan, 2007, Wei and Meyer, 2014c).  
   
 
Figure 2.40: 2:1 layered silicates structure of montmorillonite (Hussain et al., 2006)  
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2.5.3 Synthesis of Cement-Clay Nanocomposites 
Nanoclay platelets, i.e. layered silicates, could be used in cement/clay nanocomposites as 
filler or pozzolanic materials or both due to their extremely high surface area ratio. There 
are different types of commercial nanoclay platelets. Some of them are chemically 
synthesized without modification such as nano- montmorillonite and nano-kaolin and 
others are called organoclay which are chemically synthesized with organically 
modification such as Cloisite 30B nanoclay (natural montmorillonite modified with an 
organic quaternary ammonium salt) (Chang et al., 2007, Morsy and Aglan, 2007). The 
good dispersion of nanomaterials i.e. nanoclay into cement matrix (cement paste, mortar 
and concrete) is the critical factor in the synthesis of cement nanocomposites. Many 
different methods are available for the synthesis of cement-nanoclay nanocomposites. For 
the actual synthesis of cement-nanocomposites, three methods are popularly used: (i) 
binder dry mixing, (ii) colloidal nanoparticles mixing and (iii) sonication and dispersing 
agent mixing (Chang et al., 2007, Wei and Meyer, 2014c, Yim et al., 2014).  
2.5.3.1 Dry mixing method of the binder 
This method is widely used for nanoparticle powders in cement nanocomposite. Portland 
cement powder is replaced with different content of nanoclay powder and then cement and 
nanoclay powders are weighed. In the case of cement paste nanocomposites, the cement 
and nanoclay powders are mixed in concrete mixer (Hobart mixer) for several minutes, in 
which these powders are considered as binder as shown in Table 2.14 (Morsy and Aglan, 
2007). The water/binder ratio in this method is used instead of water/cement ratio. In the 
case of using high contents of nanoclay, additional water and superplasticizer are required. 
If supplementary materials (such as silica fume) are used, there are two approaches. First 
approach, the amount of their replacements from total Portland cement powder previously 
are determined after that the rest of Portland cement powder is replaced with different 
content of nanoclay powder as shown in Table 2.15 (Farzadnia et al., 2013). The second 
approach, the amount of their replacements from total Portland cement powder previously 
are determined after that the supplementary material powder is replaced with different 
content of nanoclay powder as shown in Table 2.16 (Wei and Meyer, 2014c). All raw 
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materials (binder and supplementary materials) are dry mixtures. Finally cement paste (or 
blended) nanocomposites are prepared by adding certain water amount and 
superplasticizer to dry mixture in concrete mixer then wet mixed for several minutes. 
Regarding mortar or concrete nanocomposites, binder/sand or cement/sand ratio is used 
and raw materials including sand or aggregates are dry mixture followed by adding water 
for wet mixed.  
 
 
Table 2.14: The dry mixes composition of blended binder for cement pastes 
(mass%)  (Morsy and Aglan, 2007) 
Mixes  PWC NC 
C0 100 0 
C1 98 2 
C2 97 3 
C3 96 4 
NC is  Cloisite 30B nanoclay and PWC is Portland white cement  
 
 
Table 2.15: The dry mixes of blended cement (mass%) (Farzadnia et al., 2013) 
Mixed  OPC SF Nanoclay 
Control 95 5 - 
NC1 94 5 1 
NC2 93 5 2 
NC3 92 5 3 
Nanoclay (NC) is Halloysite nanoclay, SF is silica fume, OPC is Portland cement 
Water/binder was 0.45, cement to sand ratio was 1:2.75 
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Table 2.16: Composition of blended cement mortars (Wei and Meyer, 2014c) 
Index  Content (wt%) 
 PC MK NC Superplasticizer  
PC 100 0 0 0 
B10-1 90 10 0 1.5 
B10-2 90 9 1 1.5 
B30-1 70 29 1 2.0 
B30-2 70 27 3 2.0 
B50-1 50 49 1 3.0 
B50-2 50 47 3 3.0 
B50-3 50 45 5 3.0 
NC is nanoclay, MK is metakaolin, PC is Portland cement 
Water/binder was 0.4, binder to sand ratio was 1:1 
 
2.5.3.2 Colloidal (liquid) nanoparticles mixing method 
In this method, nanoparticles i.e. nanoclay are in an aqueous form. Depending on 
company supplier (synthesis technique), the solid content of nanoparticles or 
concentration (wt%) in suspension (aqueous solution) can vary in between 15-50 wt% and 
the average particle sizes can vary from 5-500 nm (Ghasemi et al., 2010, Aly et al., 2012, 
Singh et al., 2015). The content of colloidal nanoparticles is usually calculated with 
respect to the weight of cement powder or cementitious materials. In practice, the liquid 
form (colloid) of nanoclay can facilitate a homogeneous dispersion of nanoclay or any 
other nanoparticles in cement nanocomposites (Chang et al., 2007, Hou et al., 2013). 
Water/cement ratio is used and sometimes additions of water and superplasticizer are 
required. In preparation procedure for cement paste, mortar and concrete, water and 
colloidal nanoparticles can be mixed and stirred then raw materials are added or raw 
materials and water are wet mixed in concrete mixer then colloidal nanoparticles are 
added (Aly et al., 2012). Chang et al. (2007) carried out an experiment using nano-
montmorillonite (NM) in aqueous form; NM was platy shape with dimension of 
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100×100×0.1 nm. The contents of nano-montmorillonite in cement nanocomposite were 
0.2, 0.4, 0.6 and 0.8 wt% by cement weight and water/cement ratio was 0.55. In that work, 
the results of mix proportions of cement nanocomposites are shown in Table 2.17.  
 
Table 2.17: Mix proportions of cement nanocomposites (Chang et al., 2007)  
 Designation Cement: water: NM 
C-00 1: 0.55: 0.000 
C-02 1: 0.55: 0.002 
C-04 1: 0.55: 0.004 
C-06 1: 0.55: 0.006 
C-08 1: 0.55: 0.008 
 
2.5.3.3 Sonication and dispersing agent mixing method 
Ultrasonic devices or sonication can help to disperse nanoclay into matrix. The dispersion 
processes of nanoclay such as Cloisite 30B by using sonication are interesting in polymer 
nanocomposites such as epoxy-nanoclay nanocomposites (Wang and Qin, 2007, Amiri et 
al., 2009, Thelakkadan et al., 2012). In this third method, suspensions or liquid form from 
nanoparticles i.e. nanoclay are made by using sonication or chemical dispersing agent or 
both. This method may help to improve the dispersion of nanomaterials in cement 
composites. The dispersing agents (surfactants) can be superplasticizer or other chemical 
agents or together. Some examples of dispersing agents include Polycarboxylate 
superplasticizer and Sodium Dodecyl Sulfate and Pluronic F-127 (Musso et al., 2009, 
Parveen et al., 2015). The period time of mixing under sonication, amplitude, frequency 
and energy power of sonication are important factors in dispersion processes (Zou et al., 
2015).    
In this method, the Portland cement is replaced by one or more contents of nanoparticles 
i.e. nanoclay by weight (wt %) and measured. The dispersion processes of this method can 
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be carried out as follows; water and dispersing agents are mixed, stirring and sonicated if 
applicable for few minutes after that nanoparticle powders are added and then whole 
suspensions (aqueous solution) are subjected to sonication for few to several hours 
(Konsta-Gdoutos et al., 2010, Xu et al., 2015). For fabrication of cement nanocomposites, 
the raw materials including cement, water, sand or aggregates are wet mixed then 
nanoparticle suspensions (aqueous solution) are added to the mixture.    
2.5.4 Properties of Cement-Clay Nanocomposites 
As compared to the conventional composite materials, nanocomposites are more 
advantageous due to their enhanced properties of mechanical and thermal. In this 
section, a number of studies on cement-nanoclay nanocomposites have been investigated 
by various researchers.  
2.5.4.1 Microstructure and mechanical properties  
Chang et al. (2007) presented experimental study on the effect of nano-montmorillonite 
clay on microstructure and compressive strength of cement paste. Portland cement (PC) 
was partially substituted by nanoclay (NM) of 0.2, 0.4, 0.6 and 0.8 wt% by weight of PC 
and water/cement ratio was 0.55. The specimens were cured and tested at 7, 14, 28 and 
56 days. The effect of nano-montmorillonite clay (NM) contents on compressive 
strength of control cement paste, cement nanocomposites are shown in Figure 2.41. It 
can be seen that 0.6 wt% NM was the best content in terms of the highest compressive 
strength of C-06 nanocomposites at all ages when compared to other samples. Its 
strength increased by 13.24 % compared to control cement paste. The same trend was 
found in the porosity improvement by mercury intrusion porosimetry (MIP) as shown in 
Figure 2.42. The porosity of cement nanocomposites containing 0.6 wt% NM decreased 
from 0.244 to 0.34 ml/g by 4.1% when compared to control cement composites. The 
authors reported that this improvement in compressive strength and porosity clearly 
indicated the effectiveness of nano-montmorillonite clay (NM) in consuming calcium 
hydroxide (CH), supporting pozzolanic reaction and filling the micro pores in the 
matrix. Thus the microstructure of cement nanocomposite was denser than the cement 
matrix, especially in the case of using 0.6 wt% NM, which was evident from its higher 
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compressive strength. The team also supported their report by XRD examination of the 
microstructure of control cement paste and 0.6 wt% NM cement nanocomposite as 
shown in Figure 2.43.  It was found that the major intensities of Ca(OH)2 phases in 0.6 
wt% NM cement nanocomposite significantly when compared to control cement paste. 
The team concluded that the obvious consumption of Ca(OH)2 phases was due to 
pozzolanic reaction that led to production of more CSH gel which thus  improved the 
microstructure.   
 
 
Figure 2.41: Compressive strength of control cement paste, cement nanocomposites are 
shown in (Chang et al., 2007) 
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Figure 2.42: Porosity (MIP pore distribution) curves of: (a) control cement paste and 0.6 
wt% NM nanocomposites (Chang et al., 2007).   
 
 
 
Figure 2.43: XRD patterns of: (a) control cement paste and 0.6 wt% NM nanocomposites 
(Chang et al., 2007). 
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Farzadnia et al. (2013) studied the effect of halloysite nanoclay (NC) on mechanical 
properties and microstructure of cement mortars at 7 and 28 days. Portland cement was 
firstly partially replaced by 5 wt% of silica fume and then the rest of PC was replaced by 
1, 2 and 3 wt% of halloysite nanotubes. Figure 2.44 shows the compressive strength of 
control composites and nanocomposites. It was found that the incorporation of 3 wt% 
nanoclay increased the compressive strength at 28 days up to 24% compared to the control 
samples. The authors reported that the enhancement of strength may be attributed to three 
mechanisms; pore-filler effect, pozzolanic reaction and cross- linking effect that led to 
denser microstructure than the control sample. As shown in Figure 2.45, halloysite 
nanotubes might have cross linked the cement hydrates because of their tubular shape 
which thus improved the potential of crack bridging in cement matrix by bridging the 
micro-cracks in the matrix.   
 
 
Figure 2.44: Compressive strengths of control composites and nanocomposites (Farzadnia 
et al., 2013) 
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Figure 2.45: Cross-linking effect of halloysite nanotube clay in the cement matrix 
(Farzadnia et al., 2013).  
Wei and Meyer (2014c) studied the effect of partial replacement of Portland cement by 
blending of metakaolin and nanoclay on the microstructure and mechanical properties of 
cement mortar at different ages. Portland cement (PC) was firstly partially replaced by 10, 
30 and 50 wt% of metakaolin (MK) and then each amount of MK was replaced by 1, 2 
and 3 wt% of nanoclay (NC). The compressive strength of control mortar and 
nanocomposites are shown in Figure 2.46. The results showed that addition of NC 
obviously improved the strength of nanocomposites, and the highest strength at 28 days 
was achieved by B30-2 nanocomposites (70 wt% PC, 28 wt% MK, 2 wt% NC) that was 
about 18% increase compared to control mortar. Moreover, the strength of B30-1 
nanocomposites (70 wt% PC, 29 wt% MK, 1 wt% NC) increased about 15% compared to 
control mortar. The authors indicated that this improvement reflected the enhancement in 
microstructure due to pozzolanic and filler effects. Figure2.47 shows the microstructures 
of control mortar (a) and B30-1 nanocomposites (b). It can be noticed that control mortar 
was rich in both ettringite and Ca(OH)2 crystals (CH), while B30-1 nanocomposites had 
less ettringite and CH and more CSH gel that revealed the compactness of structure due to  
pozzolanic reactions.   
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Figure 2.46: Compressive strengths of control mortar and nanocomposites (Wei and 
Meyer, 2014c). 
 
 
Figure 2.47: SEM micrographs of control mortar (a) and B30-1 nanocomposite (b) (Wei 
and Meyer, 2014c). 
 
Morsy and Aglan (2007) investigated the effect of nanoclay (Cloisite 30B) on the indirect 
tensile strength of cement paste at 7 and 28 days. Portland white cement (PWC) was 
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partially replaced by 2 and 4 wt% (weight %) of nanoclay (NC). As shown in Figure 2.48, 
the indirect tensile strength of cement nanocomposites containing 2 wt% NC increased by 
25% over cement paste at 28 days. The author reported that this improvement was due to 
filler and pozzolanic effects of NC. However, they stated that addition of more NC beyond 
the optimum content caused strength reduction due to the poor dispersion and 
agglomeration of NC.  
 
Figure 2.48: Indirect tensile strengths of cement paste and nanocomposites (Morsy and 
Aglan, 2007). 
Hosseini et al. (2014a) studied the incorporation of nanoclay (Cloisite 15A) on the 
microstructure and compressive and flexural strength of cement composite at 7, 28 and 90 
days. Portland cement (PC) was partially replaced by 1 wt% of nanoclay (NC) and the 
water/binder ratio was 0.4. As shown in Table 2.18, the compressive and flexural strength 
of 1 wt% NC-cement nanocomposite improved significantly at all ages over control 
composite due to the effective filler and pozzolanic influences of NC.   The 
microstructurew of these samples are shown in Figure 2.49 (a-b). It was seen that the 
microstructure of control composite (Figure 2.49 a) displayed more CH crystals, Ettringite 
and pores whereas the microstructure of nanocomposite containing 1 wt% NC (Figure 
2.49 b) had more CSH gel with less pores and CH crystals as well as NC sheets formed 
ordered arrays which introduced a microstructural uniformity in nanocomposite by a more 
stable bonding framework.   
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Table 2.18: Compressive and flexural strength of cement composite (C) and 1 wt% 
NC-cement nanocomposite (NCL) (Hosseini et al., 2014a) 
Mix  Compressive strength (MPa) Flexural strength (MPa) 
7 days 28 days 90 days 7 days 28 days 
C 39.2 50.1 58.6 5.6 7.0 
NCL 44.7 56.4 63.7 6.5 9.1 
 
 
Figure 2.49: SEM micrographs of (a) cement composite and (b) 1 wt% NC-cement 
nanocomposite (NCL). 1 = CSH gel, 2 = Ca(OH)2, 3 = Ettringite, 4 = pore, 5 = micro-
cracks, and 6 = nano-clay sheets (Hosseini et al., 2014a).  
 
Aly et al. (2011a) studied the effect of nanoclay (Cloisite 30B) on mechanical properties 
of waste-glass powder (WGP) cement mortars at 28 days. Portland cement (PC) was 
partially replaced by 20 wt% of WGP and only 2.5 wt% of nanoclay (NC) and then this 
nanocomposite termed as NWGP20 while control composite without NC termed as WGP. 
The authors reported that the compressive and flexural strength of NWGP20 
nanocomposite increased by 28% and 14% compared to control WGP mortar. They 
concluded that this improvement was attributed to pozzolanic and filler effects of NC.   
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2.5.4.2 Thermal properties  
Nanoclay is widely used in polymer nanocomposites hence a lot of studies in literature 
demonstrated the effect of nanoclay on the thermal properties of polymer nanocomposites. 
In construction and building materials, nanoclay is still a new filler to be used in cement 
based composites. However, there are very few studies in literature that have presented the 
effect of nanoclay on the thermal properties of cement nanocomposites.   
Shebl et al. (2009) investigated the effect of nanoclay (Cloisite 30B) on the thermal 
resistivity of cement paste at 7 days. Portland white cement was partially replaced by 2, 
5 and 10 wt% of nanoclay (NC). It was found that the thermal resistivity of control 
cement paste and nanocomposite containing 2 , 5 and 10 wt% NC was 1.5, 1.5, 1.6 and 
1.8 (m.K/W) respectively. They reported that addition of NC slightly improved the 
thermal resistivity of composites due to pozzolanic and its filler effects.  
Wei and Meyer (2014c) studied the thermal stability of cement composites containing 
blending of metakaolin (10, 30 and 50 wt %) and nanoclay (1 and 2 wt %). Figure 2.50 
shows TGA (DTG) curves of control (PC), B10-1 composites (90 wt% PC, 10 wt% MK), 
B30-1 nanocomposites (70 wt% PC, 29 wt% MK, 1 wt% NC) and B50-2 nanocomposites 
(50 wt% PC, 47 wt% MK, 3 wt% NC). It can be seen that three peaks due to thermal 
decomposition of ettringite (105° C), CSH gel (175° C) and CH (455° C) were found and 
the contents of CH and ettringite of PC were higher than those of the nanocomposites. The 
authors reported that the thermal stability of composites increased due to increase in NC 
content.   
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Figure 2.50: TGA (DTG) curves of control (PC), B10-1 composites, B30-1 
nanocomposites and B50-2 nanocomposites at 28 days (Wei and Meyer, 2014c).  
 
Aly et al. (2011a) compared the thermal stability of mortar containing (NWGP20) 2.5 
wt% NC (Cloisite 30B) and 20 wt% waste-glass powder (WGP) with the same mortar 
(WGP20) without NC. Figure 2.51 shows the TGA (DTA) curves of control WGP20 
mortar and NWGP20 nanocomposite at 28 days. The endothermic peaks at 110, 475 and 
785° C were corresponding to the mass loss in CSH gel, de-hydration of CH and 
decomposition of calcium carbonate respectively. The authors reported that the increase 
in peak at110° C and reduction in peak at 475° C of NWGP20 nanocomposite due to 
pozzolanic reaction by NC that led to reduced CH amount and produce more CSH gel. 
They concluded that the thermal stability NWGP20 nanocomposite was better than 
control WGP20 mortar.   
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Figure 2.51: TGA (DTA) curves of control WGP20 mortar and NWGP20 nanocomposite 
at 28 days (Aly et al., 2011a). 
 
Farzadnia et al. (2013) studied the thermal stability of cement mortar containing 2 wt% 
halloysite nanoclay. Differential scanning calorimetry (DSC) was used and samples 
characterized at 28 days. As shown in Figure 2.52, the thermograms illustrated reduction 
of the peak area of CH phase and an increase of the peak area of CSH gel, C2ASH8 and 
C3ASH6 phases for nanocomposites when compared to control. The team reported that 
incorporation of NC into mortar improved the thermal stability at 28 days.  
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Figure 2.52: DSC of control mortar and NC2 nanocomposites (Farzadnia et al., 2013)   
 
2.6 Cement Calcined Nanoclay Nanocomposites 
2.6.1 Introduction   
In the last decade, nanoclay based on montmorillonite clay is gaining global interest to use 
in polymer nanocomposites. In construction and building materials, nanoclay is still a new 
filler to be used in cement based composites. The new calcined nanoclay could be more 
acceptable in use in concrete than using nanoclay itself (Shebl et al., 2009). The calcined 
nanoclay can be prepared by the calcination of nanoclay in order to transform it from 
semi-crystalline to amorphous state (calcined nanoclay) with high pozzolanic reactivity 
(Morsy et al., 2010). In this case, calcined nanoclay could be a good competitor to nano-
silica or nano-SiO2 and it can be potential candidate as new pozzolanic materials (Al-
Salami et al., 2013).   
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Historically, metakaolin (MK) is a popular type of calcined clay minerals and classified as 
one of supplementary cementitious materials. It has been used extensively in cement 
mortar and concrete due to its high pozzolanic activity (Sabir et al., 2001, Barbhuiya et al., 
2015). It can be prepared by heating kaolin clay within the temperature range of 700–
850
°
C (Fernandez et al., 2011, Tironi et al., 2013). Several studies have been carried out 
on the use of MK in concrete. It has been reported that the replacement of cement by 5–
20% MK results in significant increase in compressive strength for high-performance 
concretes and mortars at 28 days (Siddique and Klaus, 2009, Juenger and Siddique, 2015). 
On the other hand, montmorillonite clay is a very common clay mineral but its use in the 
cement and concrete industry is limited (Fernandez et al., 2011, Garg and Skibsted, 2014). 
However, calcined montmorillonite clay can be alternative of comment pozzolanic 
materials (such as metakaolin) for cement and concrete due to its fairly good pozzolanic 
activity. Calcined montmorillonite clay is produced by heating montmorillonite clay 
within the temperature range of 800–930°C (He et al., 1996, Garg and Skibsted, 2014). It 
was found that for the cement mortars with 30 wt% of Portland cement replaced by 830°C 
calcined montmorillonite at 28 days, compressive strength was 25% higher than control 
mortar (He et al., 1996). Calcined montmorillonite clay could be potential candidate as a 
new supplementary cementitious material.   
2.6.2 Microstructure and mechanical properties of Cement-Clay Nanocomposites 
Recently, the calcined nanoclay is very new nanomaterials that can be employed in 
concrete. However, there are very few studies in literature that present the effect of 
calcined nanoclay on the microstructure and mechanical properties of cement composites. 
In polymer matrix there were few studies about calcined nanoclay (Abdel Gawad et al., 
2010, Botana et al., 2010, Filippi et al., 2011). 
Morsy et al. (2010) studied effect of nano-metakaolin (NMK) on the microstructure and 
mechanical properties of cement mortar at 28 days. NMK was prepared by heating the 
nano-kaolin at 750
°
C for two hours. Ordinary Portland cement (OPC) was partially 
replaced by nano-metakaolin of 2, 4, 6 and 8 % by weight of OPC. Cement mortar was 
casted using cement/sand ratio of 1:2 and water/binder ratio was 0.5. As shown in Figure 
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2.53, the compressive strength of NMK nanocomposite was found to increase with the 
increase in NMK content from 2 to 8%. The similar trend was found for tensile strength in 
samples shown in Figure 2.54 where tensile strength increases with an increase in 
nanoclay contents. The authors reported that improved strength was due to filler effect of 
NMK to fill the voids in matrix as well as pozzolanic effect that increased CSH gel. The 
SEM micrographs for control and 10 wt% NMK mortar to support their argument are 
shown in Figure 2.55a-b. It was found that the microstructure of control mortar (Figure 
2.55 a) displayed more CH crystals, Ettringite and pores whereas the microstructure of 
nanocomposite containing 10 wt% NMK (Figure 2.55 b) had more CSH gel with less 
pores and CH crystals. Thus indicating that microstructure of nanocomposite was denser 
and compact that control matrix.   
 
 
Figure 2.53: Compressive strengths of control mortar and NMK nanocomposites (Morsy 
et al., 2010). 
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Figure 2.54: Tensile strengths of control mortar and NMK nanocomposites (Morsy et al., 
2010). 
 
Figure 2.55: SEM micrographs of: (a) control mortar and (b) NMK nanocomposites 
(Morsy et al., 2010). 
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Al-Mishhadani et al. (2013) investigated effect of calcined nanoclay (nano-metakaolin) on 
the compressive and splitting tensile strength of concrete. Nano-metakaolin (NMK) was 
prepared by calcining the nanoclay (nanokaolin) at 750
°
C for two hours. Portland cement 
(PC) was partially replaced by NMK of 3, 5 and 10 % by weight of PC. Concrete was cast 
using water/cement ratio of 0.53 and the samples were tested at 7, 28, 60 and 90 days. 
Control concrete and concrete nanocomposites were termed as C45, C45+3%NMK, 
C45+5%NMK and C45+10%NMK respectively. Figure 2.56 shows the results of 
compressive strengths of control and NMK nanocomposites. It was observed that 
compressive strength was enhanced atall NMK percentages and at all ages due to micro 
filling action, better pore refinement and pozzolanic reaction. In addition, as shown in 
Figure 2.57, splitting tensile strength of C45+5%NMK and C45+10%NMK concrete 
nanocomposites also increased at all ages (7, 28, 60 and 90 days) when NMK content 
increased. However, the splitting tensile strength of C45+3%NMK did not show any 
improvement at all ages.   
 
 
Figure 2.56: Compressive strengths of control and NMK nanocomposites (Al-Mishhadani 
et al., 2013) 
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Figure 2.57: Splitting tensile strengths of control and NMK nanocomposites (Al-
Mishhadani et al., 2013) 
 
Shebl et al. (2009) investigated the effect of nanoclay (inactivated nano-silicate (NS)) and 
calcined nanoclay (activated nano-silicate) on indirect tensile strength of cement paste at 7 
days. Activated nano-silicate was prepared by calcining the nanoclay (Cloisite 30B) at 
850
°
C for two hours. Portland cement (PC) was partially replaced by aactivated nano-
silicate of 2, 5 and 10 % by weight of PC and similar replacements for inactivated nano-
silicate (NS) which are 2, 5 and 10 wt%. It was found that the indirect tensile strength of 
nanocomposites containing activated NS were higher than nanocomposites containing 
inactivated NS as shown in Figure 2.58. The authors reported that this improvement was 
due to the high pozzolanic reactivity of activated NS (Shebl et al., 2009)  than inactivated 
NS that could lead to consumption of more CH to produce more CSH gel as well as the 
efficient filler effect. Furthermore, the optimum content of either activated NS or 
inactivated NS was 2 wt%. For example the indirect tensile strength of cement 
nanocomposite containing 2 wt% activated NS was increased by 50% compared to 
nanocomposite containing 2 wt% inactivated NS. However, the team concluded that 
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further addition of activated NS or inactivated NS beyond the optimum content led to a 
decrease in the indirect tensile strength due to the poor dispersion and agglomerations of 
the high NS contents which create more voids in the matrix.   
 
Figure 2.58: Indirect tensile strength of cement paste, nanocomposites containing activated 
NS and nanocomposites containing inactivated NS (Shebl et al., 2009). 
2.7 Natural Fibre-Reinforced Cement Nanocomposites 
In last decade, natural fibre-reinforced polymer nanocomposite is gaining global interest 
for use in polymer manufacturing. The use of nanocomposites filled with nano-particles 
(carbon nanotube, silicon carbide, nanoclay etc.) as a matrix for natural fibre-reinforced 
composites has been recently conducted by number of studies (Thelakkadan et al., 2012, 
Paluvai et al., 2015). Several types of natural fibre or fabric such sisal, hemp were used 
as reinforcements in fibre-reinforce polymer nanocomposite (Saba et al., 2014). It was 
found that natural fibre-reinforced polymer nanocomposite have better microstructure, 
mechanical and thermal properties than conventional natural fibre-reinforced polymer 
composites in terms of good fibre-matrix adhesion (Alhuthali et al., 2012, Lee and Won, 
2015).  
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Alamri et al. (2012) investigated the effect of nanoclay dispersion on the mechanical 
properties of recycled cellulose fibre (RCF) reinforced epoxy nanocomposites. The 
epoxy nanocomposite matrices were prepared by mixing the epoxy resin with three 
different ratios (1, 3 and 5 wt %) of nanoclay (Cloisite 30B) and the amount of recycled 
cellulose fibres was 52 wt%. It was found that the optimum content of nanoclay (NC) 
was 1 wt%. The authors reported that the incorporation of 1 wt%NC into RCF 
reinforced epoxy nanocomposites considerably improved the impact strength and impact 
toughness by 14.5% and 48.3% respectively when compared to RCF reinforced epoxy 
composites. 
On the other hand, in construction and building materials, the investigation of the 
reinforcement of cement nanocomposite matrices with natural fibres is yet to be widely 
explored. However, there are very few studies in literature on the use of nanomaterials 
(such as carbon nanotubes, nano-silica, nanoclay etc.) as a matrix for synthetic or natural 
fibre-reinforced cement composites. Some of the published works on the use of 
nanomaterial matrix for fibre cement composites showed that the addition of 
nanomaterial improved the mechanical properties of synthetic fibre reinforced cement 
composites (Bentur et al., 2013, Nik and Omran, 2013, Hosseini et al., 2014b, Wei and 
Meyer, 2014c, Zhang et al., 2014).  
An interesting study on polypropylene (PP) fibre reinforced nanoparticle cement 
nanocomposites was conducted by Salemi and Behfarnia (2013). They investigated the 
effect of two different types of nanoparticles (nano-silica and nano-Al2O3) on the 
mechanical properties of PP fibre reinforced concrete at 7, 28 and 120 days. Portland 
cement (PC) was partially replaced by nano-silica of 3, 5 and 10 wt% by weight of PC and 
also by nano-Al2O3 of 1, 2 and 3 wt%. PP fibres were used with fibre volume content of 
0.1 and 0.2 vol% in each concrete mixture. The water/binder ratio was 0.48 and the sand 
ratio was 0.51. Results of compressive strength at all ages are summarized in Table 2.19. 
It was found that addition of nano-silica or nano-Al2O3 significantly improved 0.1 vol% or 
0.2 vol% PP fibre reinforced concrete at all ages and the optimum content was 5 wt% of 
nano-silica. Moreover, 0.2 vol% PP fibre reinforced concrete containing 5 wt% nano-silica 
showed the highest compressive strength (69.15 MPa at 120 days) over all samples. The 
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authors reported that filler and pozzolanic effects (especially nano-silica) reduced the 
micro-pores and Ca(OH)2 content and also increased CSH gel. Consequently all these 
factors improved microstructure, fibre-matrix interface and durability of PP fibre 
reinforced concrete containing nano-silica (especially 5 wt%) or nano-Al2O3.   
Table 2.19: Compressive strength for samples (Salemi and Behfarnia, 
2013). 
Concrete mixture Compressive strength (MPa) 
Type  Symbol  7 days 28 days 120 days 
Control concrete C 27.1 42.11 47.15 
0.1% PP C1P 27.69 43.04 49.75 
0.2% PP C2P 28.11 43.52 50.92 
3% nano-silica C3S 29.27 49.13 60.35 
0.1% PP+3% nano-silica C1P3S 29.85 49.87 61.28 
 0.2% PP+3% nano-silica C2P3S 30.01 50.12 61.42 
5% nano-silica C5S 31.16 54.8 68.36 
0.1% PP+5% nano-silica C1P5S 31.48 54.89 68.83 
0.2% PP+5% nano-silica C2P5S 31.92 55.07 69.15 
7% nano-silica C7S 30.19 52.04 64.12 
0.1% PP+7% nano-silica C1P7S 30.61 52.37 64.76 
0.2% PP+7% nano-silica C2P7S 30.95 52.06 65.15 
1% nano-Al2O3 C1A 27.65 43.81 50.45 
0.1% PP+1% nano-Al2O3 C1P1A 28.34 44.92 51.91 
0.2% PP+1% nano-Al2O3 C2P1A 29.22 46.21 52.48 
2% nano-Al2O3 C2A 27.84 44.64 51.39 
0.1% PP+2% nano-Al2O3 C1P2A 28.31 45.97 52.29 
0.2% PP+2% nano-Al2O3 C2P2A 29.47 47.15 53.61 
3% nano-Al2O3 C3A 27.97 45.48 52.34 
0.1% PP+3% nano-Al2O3 C1P3A 29.1 46.52 53.3 
0.2% PP+3% nano-Al2O3 C2P3A 30.03 45.91 54.78 
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Up to date, limited studies have investigated effect of nanomaterials on natural fibre 
reinforced cement composites. Hamzaoui et al. (2014) studied mechanical performance of 
cement mortar containing hemp fibres and carbon nanotubes at 90 days. The contents of 
hemp fibres were 1.1 , 2.1  and 3.1 wt% by weight of cement and both wet and dry hemp 
fibres were used in hemp-mortar composites. Carbon nanotubes (CNT) were in form of 
liquid solution and CNT concentration in solution was 2 wt%. CNT was used in mortar 
with various weight concentrations; 0.01, 0.02, 0.03, 0.04, 0.05 and 0.06%. Mortar was 
prepared with cement/sand ratio of 1:3 and water/cement ratio of 0.5. Based on the 
compressive and flexural strengths results of hemp-mortar composites, it was found that 
2.1 wt% wet hemp fibre was optimum content. Regarding CNT-mortar, it was found that 
mortar containing 0.01% CNT demonstrated higher compressive and flexural strengths 
than control mortar and other nanocomposites. The results of the compressive and flexural 
strengths of hemp-CNT-mortar are shown in Figure 2.59. The authors reported that 
addition of 0.01% CNT into hemp-CNT-mortar increased the compressive and flexural 
strengths by 24% and 6% compared to hemp-mortar. They concluded that addition of 
small amount of (0.01 %) CNT improved the stiffness of cement matrix and then the 
adhesion between the hemp fibres and the matrix was improved.   
 
 
 
 
 
 
 
 
100 
 
 
 
Figure 2.59: (a) Compressive and (b) flexural strengths of hemp-CNT-mortar (Hamzaoui 
et al., 2014) 
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An interesting study on using nanoparticles and natural fibres as reinforcements in cement 
nanocomposites was obtained by Aly et al. (2011b). They studied the durability of flax 
fibre reinforced cement mortar (FRCGN) containing 2.5 wt % nanoclay (N) and 20 wt% 
ground waste glass powder (G) at 28 days and after 50 wet/dry cycles (378 days). As 
shown in Figure 2.60, at 28 days the flexural strength of FRCGN containing nanoclay 
increased by 23% compared to FRCG composites without nanoclay. Moreover, the 
FRCGN nanocomposites after accelerating ageing cycles (378 days) showed small 
reduction (19%) in the flexural strength compared to its initial strength at 28 days. The 
authors reported that pozzolanic and filler effects of nanoclay led to improved 
microstructure of cement matrix and fibre-matrix interface.  
 
 
 
Figure 2.60: Flexural strength of specimens (Aly et al., 2011b). 
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Wei and Meyer (2014c) investigated the mechanical properties of sisal fiber-reinforced 
mortar with Portland cement replacement by a combination of metakaolin (MK) and 
nanoclay (NC) at 28 days. Firstly, Portland cement was replaced by 10, 30 and 50 wt% of 
MK. After that each amount of MK was replaced by 1, 3 and 5 wt% of NC. The content of 
sisal fibre in each composites was 2 vol% (volume fraction) and water/binder ratio of 0.4 
was used. Figure 2.61 shows the flexural strength and toughness of sisal fiber-reinforced 
MK-NC mortar beams. It was found that B30-1 (sisal fiber-reinforced mortar containing 
29 wt% MK and 1 wt% NC) and B30-2 (sisal fiber-reinforced mortar containing 28 wt% 
MK and 2 wt% NC) showed better flexural behavior than others. The first-crack strength 
of B30-1 and B30-2 increased by 36.4 % and 31.57% respectively compared to PC mortar. 
B30-2 exhibited the highest post-crack flexural strength and post-cracking toughness 
which was 49.7% and 77.71 % respectively greater than PC mortar. The authors 
concluded that combined replacement of PC by MK and NC not only enhanced the 
interface bonding between sisal fibre and cement matrix, but also prevented the fiber 
degradation from alkaline attack and Ca(OH)2 mineralization. 
The team supported their conclusion by SEM examinations (Figure 2.62a-f) of the sisal 
fiber degradation for the sisal fiber reinforced PC, B30-1, B30-2 and B50-1 composites. In 
sisal fiber reinforced PC, the signs of fiber deterioration are present on their surface 
(Figure 2.62a-c) in terms of existence of hydration products in interfacial zone between 
fibre and cement matrix and Ca(OH)2. The fibre-matrix interface improved in sisal fiber 
reinforced B30-1, B30-2 and B50-1 (Figure 2.62d-f) when compared PC (Figure 2.62a-c) 
due to the pozzolanic reaction of MK and NC. But the fibre-matrix adhesion for sisal fiber 
reinforced B30-2 (Figure 2.62e) was the best one over all samples in which this 
improvement can delay the fiber deterioration from alkaline environment.  
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Figure 2.61: Flexural strength and toughness of sisal fiber-reinforced MK-NC mortar 
beams: σf average first-crack strength (MPa), σp average post-crack flexural strength 
(MPa) and Tp average post-cracking toughness (N.m) (Wei and Meyer, 2014c).  
 
Figure 2.62: SEM micrographs of the fracture surface of the investigated samples at 28 
days of curing: (a–c) PC, (d) B30-1, (e) B30-2, (f) B50-1 (Wei and Meyer, 2014c). 
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2.8 Effect of fibre characters on mechanical properties of natural fibre reinforced 
cement composites  
There are a number of factors that can effect on the mechanical properties of fibre 
reinforced cement composites. Some examples of these factors including: fibre weight 
or volume fraction, fibre-matrix adhesion, aspect ratio, fibre orientation and fibre 
dispersion (Balaguru and Shah, 1992, Bentur and Mindess, 2007, Silva et al., 2011). 
(a)   Weight or volume fraction 
The content of fibres in cement matrix is an important parameter of fibre reinforced 
cement composites. Generally, mechanical properties such as strength, toughness and 
modulus increase with an increase in fibre content up to the optimum content and then 
mechanical performance adversely decrease. At the optimum content of fibre, this 
maximum improvement in mechanical properties of fibre-reinforced cement composites 
can be attributed to high fibre-matrix interfacial bounding which increase the maximum 
load-transfer capacity. However, beyond the optimum content of fibre, fibre-reinforced-
cement composites exhibits low mechanical properties due to the increase in porosity 
which reduces the bond strength between fibres and matrix and thus reduce the load-
transfer capacity (Pacheco-Torgal and Jalali, 2011a, Santos et al., 2015).   
(b)  Fibre-matrix interfacial bounding  
The fibre-matrix interfacial bounding is considered as a critical parameter that improves 
mechanical properties such as flexural and tensile strength in fibre-reinforced composites. 
Regarding natural fibres, several studies indicate that the interfacial bonding between 
natural fibre and cement matrix is relatively weak. The presence of hemicellulose, pectins 
and impurities (waxes and fatty substances) in raw natural fibres reduce fibre-matrix 
interface. Some researchers have shown that pre-treatments of natural fibres by pulping 
processes such as the Kraft process, coating of fibre by polymer resin (i.e. epoxy) or using 
chemical agents (i.e. alkalization, polyethylene imine) have slightly improved the 
interfacial bond strength between natural fibres and the matrix of the fibre reinforced 
cement composites. As a result of this pre-treatment, the mechanical properties of such 
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fibre-reinforced cement composites are enhanced (Sedan et al., 2008, Pacheco-Torgal and 
Jalali, 2011a).   
(c)   Aspect ratio  
Aspect ratio (lc/d) is defined as ratio of critical length to diameter of fibre and it is 
considered as efficient factor for short fibres that are used in fibre-reinforced cement 
composites. The critical (minimum) length of fibre is required in order that the applied 
load (stress) can transfer from the matrix to fibre before composite failures. The critical 
length is calculated by the following equation (Callister, 2007):  
   
                       
c
f
c
d
l


2
*

                                                  (2.5) 
 
Where d is the fibre diameter, *c is fibre ultimate (or tensile) strength and c is the fibre-
matrix bond strength (interfacial shear stress).  
As shown in Figure 2.63 (a-c), when tensile stress is equal to fibre tensile strength, there 
are three cases. If fibre length (l) is equal to the critical length (Figure 2.63 a), the 
maximum fibre load is achieved only at the axial center of the fibre. If fibre length 
increases (l > lc), the fibre reinforcement can be more effective (Figure 2.63 b). If fibre 
length is less than the critical length (l > lc), virtually no stress can be transferred and there 
is ineffective reinforcement by fibre (Figure 2.63 c). 
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Figure 2.63: Stress–position profiles when fibre length (l)  is: (a) equal to the critical 
length (lc), (b) greater than the critical length, and (c) less than the critical length for a 
fibre-reinforced composite that is subjected to a tensile stress equal to the fibre tensile 
strength (Callister, 2007).  
(d)    Fibre orientation 
Fibre orientation is also an effective parameter that influences on the mechanical 
performance of fibre-cement composites. The fibres can be divided to continuous fibres 
and discontinuous fibre (short fibre). Based on orientation, there are two possible 
arrangements: (i) a parallel alignment of the longitudinal axis of the fibres in a single 
direction, (ii) a totally random alignment (Callister, 2007). As shown in Figure 2.64 (a-c), 
continuous fibres are usually aligned orientation (Figure 2.64 a), while short fibres 
generally could be aligned (Figure 2.64 b) or random oriented (Figure 2.64 c). A better 
mechanical performance of fibre-cement composites can be achieved when fibre 
distribution is uniform.       
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Figure 2.64: Schematic representations of (a) continuous and aligned, (b) discontinuous 
and aligned, and (c) discontinuous and randomly oriented fibre reinforced composites 
(Callister, 2007). 
Under longitudinal direction (loading), if the continuous fibres and matrix behave 
elastically, the elastic modulus of composite can determined by rule of mixtures as follows 
(Callister, 2007): 
fVfmmcl EVEE                                                  (2.6a) 
Or  
fV)1( ffmcl EVEE                                           (2.6b) 
Where Ecl, Em and Ef are moduli of composite, matrix and continuous fibres respectively 
and also Vm and Vf are volume fractions of matrix and continuous fibres respectively (Vm + 
Vf = 1).  
However, under transverse direction (loading), the elastic modulus of composite can be 
expressed as: 
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Regarding discontinuous and randomly orientated fibre composites, the rule of mixtures 
for the elastic modulus of composite can be written as follows (Callister, 2007): 
fVfmmcd KEVEE                                                        (2.8) 
Where K is a fibre efficiency parameter that depends Vf on and Ef/Em ratio. As shown in 
Table 2.20, in case of all fibres parallel, the maximum reinforcement can be achieved only 
if the fibres are oriented parallel along with the stress direction. In the case of randomly 
oriented fibres, the reinforcement efficiency can be 3/8 or 1/5 depending on the stress 
direction and orientation angle. 
 
Table 2.20: Reinforcement efficiency of fibre-reinforced composites for several 
fibre orientations and at various directions of stress application (Callister, 2007). 
Fibre orientation Stress direction Reinforcement efficiency 
All fibres parallel Parallel to fibres 1 
 Perpendicular to fibres 0 
Fibres randomly and 
uniformly distributed within a 
specific plane 
Any direction in the 
plane of the fibres 
3/8 
Fibres randomly and 
uniformly distributed within 
three dimensions in space 
Any direction 1/5 
 
(e)   Fibre dispersion and mixing procedure 
The dispersion of short fibres in cement matrix is a critical factor that can influence the 
mechanical properties of short fibre-reinforced cement composites. Therefore the primary 
concern in mixing is the uniform distribution of short fibres throughout the matrix. Poor 
dispersion of fibres could lead to interlock them to form a mat or a ball during mixing as a 
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result of this the matrix-rich regions increase and thus the strength of composites decrease 
(Balaguru and Shah, 1992, Bentur and Mindess, 2007). Good dispersion of fibres in 
cement matrix usually enhances the strength of composites due to the efficiency of fibre to 
carry the transferred load from the matrix. Generally, there are two mixing methods to 
distribute short fibres into cement matrix. The first method is called dry mix, in which 
short fibres mix with dry materials (cement powder, sand and aggregates) in concrete 
mixer for several minutes until fibres are dispersed homogenously. After that required 
water is added to complete casting of short fibre-reinforced cement composites (Balaguru 
and Shah, 1992, Bentur and Mindess, 2007). The second method is called wet mixing, in 
which water and dry materials (cement powder, sand and aggregates) are mixed in 
concrete mixer for several minutes and then fibres can be added manually or automatically 
into mixture to fabricate short fibre-reinforced cement composites (Balaguru and Shah, 
1992, Bentur and Mindess, 2007).      
2.9 Effect of nano-materials characters on mechanical properties of cement 
nanocomposites. 
The characters of nano-materials can affect the mechanical properties of nanomaterial-
cement nanocomposites. Some examples of these characters including: content, size, 
geometry and crystalline or amorphous phases. Moreover, these characters play a major 
role in filler effect and pozzolanic activity in cement nanocomposites.  
(a)    Effect of content     
The content of nanomaterials in cement mixtures is an important factor of cement 
nanocomposites. Generally, mechanical properties such as strength, toughness and 
modulus increase with an increase in nanomaterials content up to the optimum content and 
then mechanical performance adversely decrease (Sanchez and Sobolev, 2010). At the 
optimum content of nanomaterials, this maximum improvement in mechanical properties 
of cement nanocomposites can indicate that microstructure become more dense and 
compact due to filling of micro-pores and densification by a good dispersion of 
nanomaterials (Stefanidou and Papayianni, 2012). However, beyond the optimum content 
of nanomaterials, cement nanocomposites exhibits lower mechanical properties due to the 
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poor dispersion and agglomeration of nanomaterials which create more void in 
nanocomposites (Shaikh et al., 2014, Mendes et al., 2015).   
(b)    Effect of particle size     
Size of nanomaterial is considered as efficient factor in cement nanocomposites. When 
nanoparticle size decreases, the filler effect increases and then microstructure of 
nanocomposites significantly improves (Mendes et al., 2015). In other words, the smaller 
particle size shows better mechanical and physical properties of nanocomposites than 
bigger particle size at the fixed filler content. The size usually depends on type of 
nanomaterial and shape (Sanchez and Sobolev, 2010, Hanus and Harris, 2013). For 
example, in spherical nanoparticles such as nano-silica, average sizes normally vary 
between 3-100 nm. Chen et al. (2012) studied two types of nano-TiO2 with the same 
content (5 wt%) on compressive strength of cement paste at 28 days. The two types of 
crystalline nano-TiO2 were nano-P25 with size of 21 nm and nano-Anatase with size of 
350 nm. The authors confirmed that nano-TiO2 was non-reactive fine filler and had no 
pozzolanic activity. It was found that the compressive strength of nanocomposite 
containing nano-P25 was greater than nano-Anatase. They concluded that the change of 
pore structure and the improvement of compressive strength could only be attributed to the 
micro-filling effect of fine powders. 
(c)    Effect of nano-materials geometry   
The geometry of nano-materials is also an effective factor that influences on the 
mechanical and physical properties of cement nanocomposites. Generally, nanomaterials 
that are used in cement composites have certain shapes. These shapes include: spherical 
shape such as nano-silica, tube shape such as carbon nanotube and halloysite nanoclay, 
fibre shape such as carbon nanofibers, platelet shape such as nano-montmorillonite and 
Cloisite 30B (Sanchez and Sobolev, 2010). Besides the filler effect, recent research 
showed that tube shape (i.e. carbon nanotube) can link cement matrix hydrates and 
improve the resistance to micro-crack propagation in nanocomposites (Hanus and Harris, 
2013). As a result of this toughness and strength of nanocomposites can improve 
significantly (Shekari and Razzaghi, 2011, Parveen et al., 2013).  
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(d)    Effect of amorphous phase and specific surface area of nanomaterials   
Pozzolanic effect of nanomaterials is usually governed by high chemical constituent 
(fraction) of silicon dioxide (silica SiO2 > 50wt %) in nanoparticle, amorphous (sometimes 
semi-amorphous) nature, specific surface area and size of nanoparticle (Singh et al., 
2013). The degree of the pozzolanic reaction of material fundamentally depends on high 
silica fraction and amorphous state. It is known that the pozzolanic reaction is chemical 
reaction between Ca(OH)2 crystals in cement matrix and amorphous silica to yield 
amorphous calcium silicate hydrate (C-S-H) gel (Sanchez and Sobolev, 2010, Pacheco-
Torgal and Jalali, 2011b, Maheswaran et al., 2013). In addition, as particle sizes decrease 
to nanoscale the specific surface areas increase extremely. These high reactive specific 
surface areas of nanoparticles can contribute to increase the pozzolanic reaction rates 
better than micro-materials. As a result of this effective pozzolanic reaction, the 
mechanical and physical properties of nanocomposites will improve significantly (Raki et 
al., 2010). 
2.10 Summary  
Recently, natural fibres are gaining increasing popularity to develop ‘environmental-
friendly construction materials’ as alternative to synthetic fibres in fibre-reinforced 
concrete. Natural and cellulose fibres have been used in cement matrices to improve their 
tensile and flexural strengths and fracture resistance properties. Some research has shown 
that pre-treatments of natural fibre surfaces via some chemical agents such as alkalization 
have slightly improved the interfacial bond strength between natural fibres and the matrix 
of the fibre reinforced cement composites. However, the interfacial bonding between the 
natural fibre and the cement matrix is relatively weak and also the degradation of fibres in 
a high alkaline environment of cement can adversely affect the mechanical and durability 
properties of natural fibre reinforced cement composites. On the other hand, due to the 
new potential uses of nanomaterials, there is a growing global interest in the research of 
their effect in civil engineering and construction materials particularly in short and long-
term properties of mortar and concrete. According to the literature, several experimental 
results on the use of nanoparticles in OPC cement paste, mortar and concrete have been 
reported.  
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However, little laboratory data exist on the effects of calcined nanoclay in cement 
composites as well as the combined use of calcined nanoclay and hemp fabrics as hybrid 
reinforcement in cement-composites. Therefore, the use of calcined nanoclay in hemp 
fibre-reinforced cement composite can be an attempt to overcome the above-mentioned 
disadvantages of hemp fibres in cementitious composites.      
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a b s t r a c t
Cement eco-nanocomposites reinforced with hemp fabric (HF) and nanoclay platelets (Cloisite30B) are
fabricated and investigated in terms of XRD, SEM, physical and mechanical properties. Results indicated
that the mechanical properties generally increased as a result of the addition of nanoclay into the cement
matrix with and without HF. An optimum replacement of ordinary Portland cement by 1 wt% nanoclay is
concluded from the current work. It is found that, 1 wt% nanoclay decreases the porosity and also signif-
icantly increases the density, flexural strength and fracture toughness of cement composite and HF rein-
forced nanocomposite. The microstructural analysis results indicate that the nanoclay behaves not only
as a filler to improve microstructure, but also as an activator to promote pozzolanic reaction which mod-
ified cement matrix and improved the hemp fabric-matrix adhesion. The failure micromechanisms and
energy dissipative processes in HF reinforced cement composite and nanocomposite are discussed in
terms of microstructural observations.
Crown Copyright  2013 Published by Elsevier Ltd. All rights reserved.
1. Introduction
To date, one of the current tendencies in the building industry is
to develop ‘environmentally friendly materials’ through utilizing
natural fibres as alternative to synthetic fibres in fibre-reinforced
concrete [1–3]. Another one is that some Portland cement is re-
placed by nanomaterials or supplementary cementitious materials
(SCMs) [4]. Currently, nanotechnology has several applications in
the polymer, ceramic and construction industries, particularly pro-
ducing nanocomposites which have superior physical and mechan-
ical properties [5]. In the construction industry, several types of
nanoparticles have been incorporated into concrete composites
such as nano-SiO2, nano-Al2O3, nano-Fe2O3, nano-ZnO2, nano-
TiO2, carbon nanotubes and nano-metakaolin in order to improve
the durability and mechanical properties of concrete [6–9].
Natural and cellulose fibres are used in polymer and cement
matrices to improve their strength and fracture resistance proper-
ties [10,11]. They are cheaper, biodegradable and lighter than its
counterpart synthetic fibres. Some examples of natural fibres are:
cotton, sisal, flax, hemp, bamboo, coir, wheat straws and others
[12–14]. On the other hand, one of the most effective techniques
to obtain a high performance cementitious composite is by rein-
forcement with textile (fabrics), which are impregnated with ce-
ment paste or mortar. Synthesis (textile) fabrics such as
polyethylene (PE) and polypropylene (PP) have used as reinforce-
ment for cement composites, in which fabrics are made of multi-
filaments. This system has superior filaments–matrix bond which
improve mechanical properties such as tensile and flexural
strength more than continuous or short fibres [15–19]. In contrast,
the use of natural fibre sheets and fabrics in polymer matrix is re-
ported in many studies than that used in cement based matrix. For
example, using cellulose sheets in epoxy or viny-ester matrix have
improved the fracture toughness significantly [5,20].
Indeed, despite all the advantages of natural fibres and fabrics
and also nanoparticles, there are also some obstacles which have
limited their applications in the cementitious composites. Firstly,
for natural fibres, the interfacial bond between the natural fibre
0950-0618/$ - see front matter Crown Copyright  2013 Published by Elsevier Ltd. All rights reserved.
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and the cement matrix is relatively weak and also the degradation
of fibres in a high alkaline environment of cement adversely affects
the mechanical and durability properties of natural fibre reinforced
cement composites [21]. Some researchers have recently recom-
mended that much research is needed to overcome these disad-
vantages [22]. Secondly, for all nanoparticles, one of the major
issues is that increasing the content of nanoparticles leads to
reduction of some mechanical properties such as the flexural
strength of cement paste [23]. However, little or no research is re-
ported on using of natural fabrics and nano particles (e.g. nanoclay)
as reinforcement in cement-composites. In this study, a novel
material which involves synthesizing cement eco-nanocomposites
will be synthesized and investigated. Nanoclay is to be utilised to a
partially replace cement at various ratios to produce nanocompos-
ites. Hemp fabrics (HF) are to be utilised to reinforce the nanocom-
posites. The effects of different amounts of nano-clay on
mechanical properties of HF reinforced cement nanocomposites
are evaluated. The microstructure of the surface of hemp fabric
and eco-nanocomposite has been investigated by XRD and scan-
ning electron microscopy (SEM).
2. Experimental procedure
2.1. Materials
Hemp fabric (HF) and nanoclay platelets (Cloisite 30B) were used as reinforce-
ments for the cement–matrix composites. The hemp fabric was supplied by Hemp
Wholesale Australia Pty. Kalamunda, Western Australia as shown in Fig. 1. The
chemical composition of and also the physical properties and structure of hemp
fabric are shown in Tables 1 and 2 respectively [12,16]. The nanoclay platelets (Cloi-
site 30B) used in this investigation are based on natural montmorillonite clay (hy-
drated sodium calcium aluminium magnesium silicate hydroxide
(Na,Ca)0.33(Al,Mg)2(Si4O10)(OH)2nH2O). Cloisite30B is a natural montmorillonite
modified with a quaternary ammonium salt, which was supplied by Southern Clay
Products, USA. The specification and physical properties of Cloisite 30B are outlined
in Table 3 [5]. Ordinary Portland cement (OPC) was used in all mixes. The chemical
composition and physical properties of OPC are listed in Table 4 [2].
2.2. Sample preparation
2.2.1. Nanocomposites
In this study, the OPC is partially substituted by nanoclay with 1%, 2% and 3% by
weight of OPC. The OPC and nanoclay were first dry mixed for 5 min in Hobart mix-
er at a low speed and then mixed for another 10 min at high speed until homoge-
neity was achieved. The cement–nano-composite paste was prepared through
adding water with a water/binder (nanoclay–cement) ratio of 0.48. The cement
paste without nanoclay was considered as a control.
2.2.2. Hemp fabric reinforced nanocomposites
Two layers of hemp fabrics were used in hemp fabric reinforced nano-compos-
ites. The hemp fabrics were first soaked into the matrix in order to achieve a better
penetration of the matrix in between the openings of the fabrics. The fabrication of
the hemp fabric reinforced nanocomposite specimen was done in five steps. First, a
thin layer of matrix was poured into the mould, then the pre-soaked hemp fabric
was laid on top of it, then another layer of matrix was poured into the mould fol-
lowed by the other pre-soaked hemp fabric and the final layer of matrix. The total
amount of hemp fabric in each specimen was about 2.5 wt%. The mix proportions
are given in Table 5.
2.2.3. Curing and specimens
For each series, three prismatic plate specimens of 300  70  10 mm in dimen-
sion were cast. All specimens were demolded after 24 h of casting and kept under
water for approximately 56 days. Five rectangular specimens of each series with
dimensions 70  20  10 mmwere cut from the fully cured prismatic plate for each
mechanical and physical test [16,23].
2.3. Characterisation
2.3.1. XRD
The samples were measured on a D8 Advance Diffractometer (Bruker-AXS)
using copper radiation and a LynxEye position sensitive detector. The diffractome-
ter were scanned from 3 to 70 (2h) in steps of 0.02 using a scanning rate of 0.5/
min. XRD patterns were obtained by using Cu Ka lines (k = 1.5406 Å). A knife edge
collimator was fitted to reduce air scatter.
2.3.2. Scanning electron microscopy (SEM)
Scanning electron microscopy imaging was obtained using a NEON 40ESB,
ZEISS, equipped with energy dispersive spectroscopy (EDS). The SEM investigation
was carried out in detail on microstructures and the fractured surfaces of samples.
Specimens were coated with a thin layer of platinum before observation by SEM to
avoid charging.
2.4. Physical properties
Measurements of bulk density and porosity were conducted to determine the
quality of nanocomposites. The thickness, width, length and weight are measured
in order to determine the bulk density. The calculation for density was carried
out by using the following equation:
D ¼ M
V
ð1Þ
where D is the density in g/cm3,M the mass of the test specimen (g) and V is the vol-
ume of the test specimen (cm3).The value of apparent porosity PS was determined
using the Archimedes principle in accordance with the ASTM Standard (C-20) and
clean water was used as the immersion water. The apparent porosity PS was calcu-
lated using the following equation [25]:
PS% ¼ ms mdms mi  100 ð2Þ
where md is themass of the dried sample, mi the mass of the sample saturated with
and suspended in water, ms is the mass of the sample saturated in air.
2.5. Mechanical properties
Five specimens of each composition, all 70  20  10 mm, were used in the
mechanical tests. Three-point bend tests were conducted using a LLOYD Material
Testing Machine to evaluate the flexural strength, flexural modulus and fracture
toughness. The support span used was 40 mm with a displacement rate of
0.5 mm/min. The flexural strength rF was evaluated using the following equation:
rF ¼ 3PmS
2BW2
ð3Þ
where Pm is the maximum load at crack extension, S is the span of the sample, W is
the specimen thickness (depth) and B is the specimen width. Values of the flexural
modulus EF were computed using the initial slope of the load–displacement curve,
DP
DX using the formula:
EF ¼ S
3
4BW3
DP
DX
 
ð4Þ
In order to determine the fracture toughness, a sharp razor blade was used to
initiate a sharp crack in the samples. The ratio of crack length to thickness (depth)
( aW) was about (1/3). The fracture toughness was calculated using the following
equation [26]:
KIC ¼ pmS
BW3=2
f
a
W
 
ð5Þ
Fig. 1. Hemp fabric.
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where a is the crack length (mm) and f ð aWÞ is the polynomial geometrical correction
factor given by following equation:
f
a
W
 
¼ 3ða=WÞ
1=2½1:99 ða=WÞð1 a=WÞ  ð2:15 3:93a=W þ 2:7a2=W2Þ
2ð1þ 2a=WÞð1 a=WÞ3=2
ð6Þ
3. Results and discussion
3.1. Characterisation
3.1.1. XRD analysis
Fig. 2a–d shows the XRD patterns of nanoclay, control cement
paste and nanocomposites containing 1 wt% and 3 wt% nanoclay,
respectively. International Centre for Diffraction Data (PDF-4
2013) database was used for phase identification. Fig. 2a shows
the XRD patterns of nanoclay, it has crystalline phase at 2h angle
of 4.82 which indicates the presence of ammonium salt between
the platelets. However, this phase was not detected clearly in
nanocomposites. In Fig. 2b–d, three important phases are ob-
served: portlandite [Ca(OH)2] (PDF 00-044-1481), dicalcium sili-
Table 1
Chemical analysis of hemp fibre [12].
Cellulosic
residue (wt%)
Pectin
(wt%)
Hemicellulose
(wt%)
Lignin
(wt%)
(Wax, fat,
and protein)
(wt%)
Hemp
fibre
56.1 20.1 10.9 6 7.9
Table 2
Properties and structure of hemp fabric [12,16].
Fabric thickness (mm) 0.43
Fabric geometry Woven (plain weave)
Yarn nature Bundle
Filament size (mm) 0.04253
Number of filaments in a bundle 24
Bundle diameter (mm) 0.21
Opening size (mm) 0.3
Fabric density (gm/cm3) 0.6
Modulus of elasticity (GPa) 38–58
Tensile strength (MPa) 591–857
Table 3
Physical properties of nanoclay platelets (Cloisite 30B) [5].
Physical properties of the (Cloisite 30B)
Colour Off white
Density (g/cm3) 1.98
d-Spacing (001) (nm) 1.85
Aspect ratio 200–1000
Surface area (m2/g) 750
Mean particle size (lm) 6
Table 4
Physical properties and chemical compositions of OPC [2].
Properties/Compositions OPC (ASTM type I)
Physical properties
Specific gravity 3.17
Specific surface, blaine (cm2/gm) 3170
Chemical analysis
SiO2 21.10
Al2O3 5.24
Fe2O3 3.10
CaO 64.39
MgO 1.10
SO3 2.52
Na2O 0.23
K2O 0.57
LOI 1.22
Table 5
Mix proportions of prepared specimens.
Sample
name
Hemp fabric (HF)
(wt%)
Mix proportions (wt%)
Cement Nanoclay Water/
binder
NCC-0 0 100 0 0.485
NCC-1 0 99 1 0.485
NCC-2 0 98 2 0.485
NCC-3 0 97 3 0.485
NCC-0/HF 2.5 100 0 0.485
NCC-1/HF 2.5 99 1 0.485
NCC-2/HF 2.5 98 2 0.485
NCC-3/HF 2.5 97 3 0.485
Fig. 2. XRD patterns of: (a) nanoclay, (b) control cement paste, (c) nanocomposites
containing 1 wt% nanoclay, and (d) nanocomposites containing 3 wt% nanoclay.
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cate [C2S] (PDF 00-033-0302) and tricalcium silicate [C3S] (00-049-
0442). Moreover, four less important phases are also noticed:
Ettringite [Ca6Al2(SO4)3(OH)12.26H2O] (PDF 000411451), Gypsum
[Ca(SO4)(H2O)2] (PDF 040154421), Quartz [SiO2](PDF 000461045)
and Calcite [CaCO3](PDF 000050586). The composition of Ca(OH)2
has a well-defined crystallized structure, it has five major peaks
in the XRD pattern that corresponds to 2h of 18.01, 28.67,
34.10, 47.12 and 50.81, and crystal planes of Miller indices
(h k l) of (0 0 1), (1 0 0), (1 0 1), and (1 0 2) and (1 1 0), respectively.
Although there are some overlaps of peaks and they have small
intensities, dicalcium silicate (C2S) has four major peaks that corre-
spond to 2h of 32.05, 32.14, 32.59 and 41.21 as well as trical-
cium silicate (C3S) has four major peaks that correspond to 2h of
29.29, 32.12, 32.46 and 51.75.
Table 6 shows the Quantitative X-ray Diffraction Analysis
(QXDA) with Rietveld refinement of cement paste and nanocom-
posites containing 1 and 3 wt% nanoclay, respectively. Corundum
[Al2O3] was chosen to serve as an internal standard. It was selected
because it does not overlap with important cement peaks up to 2h
of 60 as well as it does not react with water and has no influence
on the hydration reaction. However, generally, the addition of 1
and 3 wt% nanoclay into the cement matrix has resulted in appar-
ent change to the crystalline components of the samples. As can be
seen from Table 6 and Fig. 2c, the addition of 1 wt% nanoclay re-
duced the amount of Ca(OH)2 from 19.5% to 15.7%, about 19.5%
reduction compared to cement paste. The intensity Ca(OH)2 at 2h
angle of 18.01 also decrease from 3817 to 2940, about 23% reduc-
tion compared to cement paste and also other major peaks of
Ca(OH)2 crystals were significantly reduced (Fig. 2b and c). Fur-
thermore, the amorphous content was increased slightly from
67.4% to 70%, about 3.7% increase. This result indicates that an
obvious consumption of Ca(OH)2 crystals mainly due to the effect
of pozzolanic reaction in the presence of nanoclay and good disper-
sion of nanoclay in the matrix leads to produce more amorphous
calcium silicate hydrate gel (C–S–H). This explanation is also con-
firmed by the inspection of amount of unreacted C3S (2.1%) and C2S
(8.5), in which the amount of unreacted C3S and C2S are slightly
higher than the cement paste. Wei et al. [27] reported that pozzo-
lanic reaction decelerates the hydration reaction of C3S and C2S
during the curing time of 28–112 days. In this study, these unre-
acted phases could react with water later to produce more C–S–
H gel after 56 days.
On the other hand, as can be seen from Table 6 and Fig. 2d for
nanocomposites containing 3 wt% nanoclay, there is insignificant
effect of nanoclay in the hydration reaction. For example, the
amount of Ca(OH)2 was reduced from 19.5% to 18.6%, about 4.6%
reduction compared to cement paste. The intensity of Ca(OH)2 at
2h angle of 18.01 was also slightly reduced from 3817 to 3549,
about 7% reduction compared to cement paste (Fig. 2b and d). This
may be attributed to agglomerations of nanoclay at high contents
which lead to poor dispersion of nanoclay and hence poor pozzola-
nic reaction. Moreover, the amount of C3S (1.6%) is similar to the
cement paste, and the amount of C2S (7.4%) is slightly higher than
the cement paste by about 4.2%; this also confirms that hydration
reaction has occurred more than pozzolanic reaction. Table 6
shows that Ettringite is slightly less in nanocomposites than ce-
ment paste. For example, it decreased from 1.8% to 1.1% in nano-
composite containing 1% nanoclay. Overall, the results indicate
than 1 wt% nanoclay can consume more Ca(OH)2 crystals and can
improve the structure more effectively than 3 wt% nanoclay. The
mechanical and physical properties also confirm this phenomenon,
which is discussed in the following sections.
3.2. Porosity and density
The porosity and density values of cement paste, nano-compos-
ites, HF reinforced cement paste and HF reinforced nanocompos-
ites are shown in Fig. 3. Generally the composites containing HF
exhibited higher porosity than these without HF. This could be
attributed to the formation of voids at the interfacial areas be-
tween HF and matrices. However, Fig. 3 shows that the addition
of nanoclay decreases the porosity of these composites when com-
pared to control cement paste and HF composites. For nanocom-
posites with 1 wt% of nanoclay, the porosity decreases by 20.6%.
Moreover, in HF reinforced nanocomposites with 1 wt% of nano-
clay, it decreases by 16%. This indicates that nanoclay has filling ef-
fect in the porosity of cement paste composites with and without
HF. This result is in agreement with the work done by Byung-
Wan et al. [28] where the porosity of cement mortar is decreased
by the addition of nano-SiO2 particles. In Fig. 3, the addition of
1 wt% of nanoclay increased the density of control cement paste
and HF nano-composites by 4% and 3.4% respectively. That
improvement demonstrated that cement composites with 1 wt%
nanoclay yields more consolidated microstructure. However, the
addition of more nanoclay leads to increase in porosity and de-
crease in density [29]. These results are also supported by the
SEM examinations for the microstructure of cement paste, nano-
composites containing 1 wt% and 3 wt% nanoclay. Fig. 4a shows
the deposits of Ca(OH)2 crystals are distributed in the cement paste
and also in Fig. 4b (at 5 kv), the C–S–H gel connected with many
ettringite (needle like hydration products), as well as the pores
were extremely existed, in which that revealed weak structure.
Fig. 4c shows the SEM micrograph for nanocomposites containing
1 wt% nanoclay, it is different from that of cement paste, the struc-
ture is denser and compact with few pores. On the other hand, in
Fig. 4d, the nanocomposites containing 3 wt% nanoclay shows
more pores and microcracks which weaken the structure.
3.3. Mechanical properties
In general, the addition of nanoclay improved the mechanical
properties of the cement matrix. In addition, the pre-soaking of
hemp fabric in cement paste during sample preparation leads to
good penetration of the cement matrix in between the reinforced
filaments of the bundle as shown in Fig. 5, which also improved
the mechanical properties of samples [24].
3.3.1. Flexural strength
Figs. 6 and 7 show flexural strength and load-midspan deflec-
tion curves for control cement paste, nanocomposites, HF rein-
forced cement paste and HF reinforced nanocomposites. In
general, the incorporation of nanoclay platelets into cement matrix
led to a modest enhancement in flexural strength for all nanocom-
posite samples as shown in Fig. 6. The addition of 1% nanoclay re-
sulted in the highest flexural strength of all nanocomposites. The
flexural strength of nanocomposites containing 1 wt% nanoclay is
increased from 5.18 to 7.12 MPa, about 37% increase compared
to control one. Basically, the improvement in mechanical proper-
Table 6
QXDA results showing the phase abundances in cement paste and nanocomposites
containing 1 and 3 wt% nanoclay.
Weight%
Phase NCC-0 NCC-1 NCC-3
Portlandite [Ca(OH)2] 19.5 15.7 18.6
Ettringite [Ca6Al2(SO4)3(OH)12.26H2O] 1.8 1.1 1.2
Gypsum [Ca(SO4)(H2O)2] 0.4 0.4 0.6
Tricalcium silicate [C3S] 1.5 2.1 1.6
Dicalcium silicate [C2S] 7.1 8.5 7.4
Quartz [SiO2] 0.4 0.6 0.6
Calcite [CaCO3] 1.1 0.8 1.2
Amorphous content 67.4 70.0 68.0
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Fig. 3. Porosity and density as a function of nanoclay content for control cement and its nanocomposites with and without HF.
Fig. 4. SEM micrographs of: (a) and (b) cement paste, (c) nanocomposites containing 1 wt% nanoclay and (d) nanocomposites containing 3 wt% nanoclay.
Fig. 5. Penetration of the cement matrix in between the reinforced fibres of hemp
fabric.
Fig. 6. Flexural strength as a function of nanoclay content for control cement paste
and its nanocomposites with and without HF.
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ties of nanocomposites can be attributed to two mechanisms. First
is the filling effect where the nanoclay filled the voids or pores in
cement paste in which the nano-particles were uniformly dis-
persed in the matrix thus making the microstructure of nanocom-
posites denser than the control cement paste [7,30]. Another
mechanism is the pozzolanic reaction, in which nanoclay react
with free calcium-hydroxide (CH) in cement matrix to produce
more calcium silicate hydrate (C–S–H) that also deposited in pore
system. However, the addition of more nanoclay than 1 wt% caused
a marked decrease in flexural strength. This can be due to the poor
dispersion and agglomerations of the nanoclay in the cement ma-
trix at higher clay contents, which create weak zones, in form of
micro-voids as stress concentrators [7,31].
The effect of nanoclay on the flexural strength of HF reinforced
cement composite can also be seen in Fig. 6. The flexural strength
of HF reinforced nanocomposites containing 1 wt% nanoclay is in-
creased from 6.88 to 9.37 MPa, about 36% increase compared to HF
reinforced cement composite. This improvement is explained as
follows: in order to improve the interfacial bond between natural
fibre and cement paste, the matrix could be modified in which cal-
cium-hydroxide (CH) must be mostly consumed or reduced [32]. In
this study, the nanoclay effectively modified the matrix through
pozzolanic reaction as described above. Thus, the hemp fabric-
nanocomposite matrix adhesion is mostly improved, especially in
the case of using 1 wt% nanoclay, which is evident from the higher
flexural strength value. Sedan et al. [12] studied the hemp fibre
reinforced cement matrix with W/C of 0.5 and optimum hemp fi-
bres content of 16 vol%, with fibre length ranged between 1 and
10 mm. They reported that the flexural strength for untreated
hemp fibre reinforced cement matrix was increased from 4.9 to
6.8 MPa, about 38.8% increase compared to cement matrix. More-
over, the flexural strength of NaOH treated hemp fibre reinforced
cement matrix was increased to 9.5 MPa, about 93.9% increase
compared to cement matrix and also about 39.7% increase com-
pared to untreated fibre reinforced cement matrix. Hence, the
improvement in flexural strength of HF reinforced nanocomposites
containing 1 wt% nanoclay observed in this study is similar to that
observed in Sedan et al. study where hemp fibres is treated by
NaOH. However, the addition of more nanoclay (i.e. 3 wt%) led to
a slight reduction in flexural strength due to increase in porosity.
The load–midspan deflection curves for HF reinforced cement
composite and HF reinforced nanocomposites are shown in
Fig. 7. The HF reinforced nanocomposites containing 1 wt% nano-
clay shows highest flexural load but smaller deflection capacity
at peak load. This is due to high fibre–matrix interface bond, which
increases the maximum load capacity. On the other hand, the HF
reinforced nanocomposites containing 2 and 3 wt% nanoclay and
HF reinforced cement composite show low flexural load but large
deflection capacity at peak load, thereby higher ductility. This
Fig. 7. Load versus mid-span deflection curves for curves for HF reinforced cement
composite and HF reinforced nanocomposites from flexural test.
Fig. 8. Flexural modulus as a function of nanoclay content for control cement paste
and its nanocomposites with and without HF.
Fig. 9. Fracture toughness as a function of nanoclay content for control cement
paste and its nanocomposites with and without HF.
Fig. 10. Multiple cracking behaviour of HF reinforced nanocomposites.
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could be attributed to the increase in porosity which decreases the
bond strength of fibre–matrix adhesion.
3.3.2. Flexural modulus
The calculated flexural modulus of all composites is shown in
Fig. 8. Fig. 8. shows that the addition of 1 wt% nanoclay in cement
matrix increased the flexural modulus by 18.9% over control. The
addition of HF fabrics adversely affected the flexural modulus for
control cement composite and nanocomposites. For example, flex-
ural modulus of control cement paste was decrease from 802.04 to
598.42 MPa, about 25.4% decrease, after the addition of HF fabrics.
Similarly, Elsaid et al. [14] reported that as the length of the natural
fibres used in a concrete mixture increase, the flexural modulus de-
crease. However, in HF reinforced nanocomposites the flexural
modulus was slightly enhanced. For instance, flexural modulus of
HF reinforced nanocomposites containing 1 wt% nanoclay was in-
crease from 802.04 to 876.93 MPa, about 8.5% increase compared
to control cement paste.
3.3.3. Fracture toughness
The effect of nanoclay on fracture toughness of control and
nanocomposites without and with HF is shown in Fig. 9. In general,
all composites containing HF showed significantly improvement in
fracture toughness as well as multiple-cracking behaviour as
shown in Fig. 10 [33]. In case of nanocomposites, the fracture
toughness of control and nanocomposites with 1, 2 and 3 wt%
nanoclay was 0.356, 0.492, 0.421 and 0.396 MPa.m1/2, respectively.
It can be seen clearly that, the nanocomposites with 1 wt% of nano-
clay achieve better fracture properties with improvement reaching
up to 38.2%. In similar study, Alamri and Low [34] reported that
addition of 1 wt% nano-SiC into epoxy matrix significantly in-
creased the fracture toughness by a maximum 89.4% compared
to neat epoxy. However, Fig. 10 also shows that facture toughness
of nanocomposites decreased slightly when more nanoclay was
added .because the poor dispersion of high content of nanoclay
leads to agglomeration which increased the porosity as observed
in this study. Moreover, agglomeration acts as a stress concentra-
tion that can initiate tiny cracks, which leads to crack propagation
[7,34].
The influence of HF on fracture toughness is also shown in
Fig. 9. As expected, the composites reinforced with HF showed a
significant increase in fracture toughness. This extraordinary
enhancement is due to fracture resistance by hemp fabrics which
resulted in increased energy dissipation from crack-deflection at
the fibre–matrix interface, fibre-debonding, fibre-bridging, fibre
pull-out and fibre-fracture [2,14,33,35].
The addition of nanoclay, in HF reinforced nanocomposites also
increased the fracture toughness. The fracture toughness for HF
reinforced nanocomposites containing 1, 2 and 3 wt% nanoclay is
0.818, 0.744, and 0.652 MPa m1/2, respectively. This is attributed
to the fact that the nanoclay improves the adhesion between hemp
fabric and nanocomposite matrix through pozzolanic reaction and
reduction of CH, especially in the case of 1 wt% nanoclay in which
the increase in fracture toughness was 129.8% comparing to con-
trol cement matrix. However, the inclusion of high content of
nanoclay increases the porosity which adversely affected the
Fig. 11. SEM images of the fracture surface at low and high magnification: (a and b) HF reinforced cement composite, (c and d) HF reinforced nanocomposite containing 1%wt
nanoclay, and (e and f) HF reinforced nanocomposite containing 3 wt% nanoclay.
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Fig. 12. EDS analysis with SEM images of hemp fabric surface: (a) HF reinforced cement composite, (b) HF reinforced nanocomposite containing 1 wt% nanoclay, and (c) HF
reinforced nanocomposite containing 3 wt% nanoclay.
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interfacial bond between the matrix and the fabric thus decreased
the fracture toughness [36].
3.3.4. SEM micrographs of Failure mechanisms
Fig. 11 shows the SEM micrographs of the fracture surface and
HF/matrix interface of HF reinforced cement composite and HF
reinforced nanocomposite containing 1 and 3 wt% nanoclay after
fracture toughness test. A variety of toughness mechanisms such
as shear deformation, crack bridging, fibre pull-out and rupture
and matrix fracture can be clearly seen. The examination of frac-
ture surface of HF reinforced nanocomposites containing 1 wt%
nanoclay shows good penetration of matrix between hemp fila-
ments (Fig. 11c) as well as rough hemp fibre surface (Fig. 11d).
However, poor adhesion between fibres and matrix is observed
in HF reinforced cement composite (Fig. 11a and b). In HF rein-
forced nanocomposite containing 3 wt% nanoclay, macro-crack is
observed which revealed relativity weak matrix as shown in
Fig. 11e, and also debonding of fibre was occurred (Fig. 11f).
3.3.5. EDS analysis of hemp fabric surface in a cementitous
environment
Fig. 12 shows the comparison of Ca2+ obtained from EDS analy-
sis on hemp fabric surfaces in different samples. EDS analysis sup-
ports that the nanoclay effectively reduced Ca2+ ions on the hemp
fabric surface. In previous study, Sedan et al. [37] studied a delete-
rious effect of Ca2+ element on hemp fibre degradation. They re-
ported that hemp fibre surface can interact with Ca2+ ions to
form Ca(OH)2 nodules on it, and this lead to decrease the durability
of hemp fibre in alkaline environment. Fig. 12a shows the EDS
analysis of hemp fibre surface in cement paste, ratio of Ca2+ ions
at 37 keV is considered high, this reveal that hemp fibres trapped
and fixed Ca2+ ions on their surfaces. On contrast, in HF reinforced
nanocomposite contain 1 wt%, Fig. 12b, this ratio is significantly
decreased. This result could confirm that durability of hemp fibre
increased by good consumption of Ca2+ ions. On the other hand,
HF reinforced nanocomposite containing 3 wt% nanoclay behaves
very similar to that of HF reinforced cement composite. In
Fig. 12c, it is clearly seen that the ratio of Ca2+ ions at 37 keV again
increased which could lead to decrease the durability of hemp fi-
bres. This could be attributed to the agglomeration of nanoclay at
high content which leads to poor consumption of Ca2+ ions.
4. Conclusions
This paper presents the mechanical properties and microstruc-
tural characterization of hemp fabric reinforced cement composite
and nanocomposites. The optimum content of nanoclay is found to
be 1 wt%. In the case of nanocomposite, reduction in porosity
(20.6%) and enhancement in density (4%), flexural strength (37%)
and fracture toughness (38.2%) are achieved by the addition of
1 wt% nanoclay. However, adding more nanoclay (2 and 3 wt%) ad-
versely affected the above properties due the increased voids and
poor dispersion with high clay contents. In the case of the HF rein-
forced cement composite, it is found that the presence of HF signif-
icantly increased the flexural strength (32.6%) and fracture
toughness (84.3%) compared to control cement paste. In HF rein-
forced nanocomposites, the inclusion of nanoclay significantly in-
creased the above mechanical properties compared to control
cement paste and HF reinforced cement composite and nanocom-
posites. It is found that HF reinforced nanocomposites containing
1 wt% nanoclay increased the flexural strength (36%) and fracture
toughness (129.8%) compared to cement composite. However,
the addition of more nanoclay (more than 1 wt%) into cement or
HF reinforced cement composites adversely affected the flexural
strength and the fracture toughness. SEM micrographs of HF rein-
forced nanocomposite containing 1 wt% nanoclay also support the
above phenomenon in terms of presence of hydration products on
the fibre surface indicating better fibre/matrix interface. The XRD
analysis showed that the addition of 1 wt% nanoclay in cement
paste reduced the amount of Ca(OH)2 by about 19.5%. However,
no such significant reduction is observed when nanoclay content
is increased. The SEM micrographs also supported the above,
where pores and cracks are observed in the composite containing
3 wt% nanoclay. The EDS analysis also showed less Ca2+ ions on
the hemp fabric surface in nanocomposites containing 1 wt% nano-
clay compared to that containing 3 wt% nanoclay and pure cement
composite.
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Abstract The influence of nanoclay on thermal and
mechanical properties of hemp fabric-reinforced cement
composite is presented in this paper. Results indicate that
these properties are improved as a result of nanoclay
addition. An optimum replacement of ordinary Portland
cement with 1 wt% nanoclay is observed through improved
thermal stability, reduced porosity and water absorption as
well as increased density, flexural strength, fracture
toughness and impact strength of hemp fabric-reinforced
nanocomposite. The microstructural analyses indicate that
the nanoclay behaves not only as a filler to improve the
microstructure but also as an activator to promote the
pozzolanic reaction and thus improve the adhesion between
hemp fabric and nanomatrix.
Introduction
Nowadays, in the building industry, natural fibres and
nanomaterials have been gaining increasing attention for
two reasons: one is to develop ‘environmental-friendly
materials’ through utilising natural fibres as alternatives to
synthetic fibres in fibre-reinforced concrete [1–3] and the
other is to ‘improve the properties’ of Portland cement
matrix by adding nanoparticles [4]. Recently, nanoparticles
were used in polymer, ceramic and construction materials
in order to produce nanocomposites that have superior
physical and mechanical properties [5]. In the construction
industry, several types of nanoparticles have been incor-
porated into concretes such as nano-SiO2, nano-Al2O3,
nano-Fe2O3, nano-ZnO2, nano-CaCO3, nano-TiO2, carbon
nanotubes and nano-metakaolin in order to improve the
durability and mechanical properties of concrete [6–9].
Natural and cellulose fibres are used in polymer and
cement matrices to improve their tensile/flexural strength
and fracture resistance properties [10, 11]. They are
cheaper, biodegradable and lighter than synthetic fibres.
Some examples of natural fibres are cotton, sisal, flax,
hemp, bamboo, coir, wheat straws and others [12–14]. On
the other hand, one of the most effective techniques to
obtain a high performance cementitious composite is by
reinforcement with textiles (fabrics), which are impreg-
nated with cement paste or mortar. Synthetic (textile)
fabrics such as polyethylene (PE) and polypropylene (PP)
have been used as reinforcement for cement composites in
which fabrics are made of multi-filaments. This system has
superior filament–matrix bonding which improves
mechanical properties such as tensile and flexural strength
better than continuous or short fibres [15–20]. In contrast,
the use of natural fibre sheets and fabrics is more prevalent
in polymer matrix when compared to a cement-based
matrix. For example, using cellulose fibre sheets in epoxy
or vinyl–ester matrix has resulted in significantly improved
fracture toughness [5, 21].
Despite the advantages of natural fibres and fabrics and
also nanoparticles, there are still obstacles which limit their
applications in the cementitious composites. Firstly, for
natural fibres, the interfacial bond between the natural fibre
and the cement matrix is relatively weak and also the
degradation of fibres in a high alkaline environment of
cement matrix adversely affects the mechanical and dura-
bility properties of natural fibre-reinforced cement
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composites [22]. Some researchers have recently recom-
mended that much research is needed to overcome these
disadvantages [23]. Secondly, for all nanoparticles, one of
the major issues is that increasing the content of nanopar-
ticles leads to reduction of some mechanical properties
such as the flexural strength of cement paste [24].
However, little or no research is reported on using of
natural fabrics and nanoparticles (e.g. nanoclay) as rein-
forcement in cement composites. In this paper, nanoclay
was utilised as partial replacement for cement at various
contents to produce the nanocomposites, and hemp fabrics
(HF) were used as reinforcement to fabricate HF-reinforced
cement nanocomposites. Natural fibre-reinforced cement-
based composites are sustainable alternative to their syn-
thetic fibre-based counterparts, due to their low cost, bio-
degradability, local availability and extremely low energy-
intensive manufacturing process. However, the bond of
natural fibres with the cement matrix is relatively weak and
high alkalinity of cement matrix can adversely affect the
durability of natural fibres in the composites, which ulti-
mately affects the mechanical and durability properties of
the composites. The use of nanoclay in natural fibre-rein-
forced cement composites is expected to reduce the alka-
linity of cement matrix by consuming calcium hydroxide
during the pozzolanic reaction, hence improving the
durability of natural fibres in the composite. The densely
packed nanoclay–cement matrix can also improve its
bonding with natural fibres, thus imparting better stress
transfer and improved mechanical properties. Therefore,
this study evaluated the effect of different nanoclay con-
tents on various mechanical and physical properties of
cement matrix and hemp fabric-reinforced cement com-
posites. The effect of nanoclay on thermal behaviour of
hemp fabric-reinforced composites was also evaluated in
this study. The microstructures of nanocomposites and HF-
reinforced cement nanocomposites were also investigated
using synchrotron radiation diffraction and scanning elec-
tron microscopy.
Experimental procedure
Materials
Hemp fabric (HF) and nanoclay platelets (Cloisite 30B) were
used as reinforcements for the cement-matrix composites. The
hemp fabric, as shown in Fig. 1, was supplied by Hemp
Wholesale Australia Pty. Kalamunda, Western Australia. The
chemical composition, and the physical properties and struc-
ture of hemp fabric are shown in Tables 1 and 2, respectively
[12, 16]. The nanoclay platelets (Cloisite 30B) used in this
investigation are based on natural montmorillonite clay
(hydrated sodium calcium aluminium magnesium silicate
hydroxide (Na,Ca)0.33(Al,Mg)2(Si4O10)(OH)2nH2O). Cloi-
site 30B is a natural montmorillonite modified with a qua-
ternary ammonium salt, which was supplied by Southern Clay
Products, USA. The specifications and physical properties of
Cloisite 30B are outlined in Table 3 [5]. Ordinary Portland
cement (OPC) was used in all mixes. The chemical compo-
sition and physical properties of OPC are listed in Table 4 [2].
Sample preparation
Nanocomposites
In this study, the OPC is partially substituted by nanoclay
with 1, 2 and 3 wt% of OPC. The OPC and nanoclay were
Fig. 1 Structure of hemp fabric
Table 1 Chemical analysis of hemp [12]
Cellulosic
residue
(wt%)
Pectin
(wt%)
Hemicellulose
(wt%)
Lignin
(wt%)
Wax, fat,
protein
(wt%)
Hemp
fibre
56.1 20.1 10.9 6 7.9
Table 2 Properties and structure of hemp fabric [12]
Fabric thickness (mm) 0.43
Fabric geometry Woven (plain weave)
Yarn nature Bundle
Filament size (mm) 0.04253
Number of filaments in a bundle 24
Bundle diameter (mm) 0.21
Opening size (mm) 0.3
Fabric density (g/cm3) 0.6
Modulus of elasticity (GPa) 38–58
Tensile strength (MPa) 591–857
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first dry mixed for 5 min in a Hobart mixer at a low speed
and then mixed for another 10 min at high speed until
homogeneity was achieved. The cement–nanocomposite
paste was prepared by adding water with a water/binder
(nanoclay–cement) ratio of 0.48. The cement paste without
nanoclay was considered as the control.
Hemp fabric-reinforced nanocomposites
Two layers of hemp fabric were used in hemp fabric-
reinforced nanocomposites. The hemp fabrics were first
soaked into the matrix in order to achieve a better pene-
tration of the matrix in the openings of the fabrics. The
fabrication of the hemp fabric-reinforced nanocomposite
specimens was done in five steps. First, a thin layer of
matrix was poured into the mould, then the pre-soaked
hemp fabric was laid on top of it, then another layer of
matrix was poured into the mould followed by another pre-
soaked hemp fabric and the final layer of matrix. The total
amount of hemp fabric in each specimen was about
2.5 wt%. The mix proportions are given in Table 5.
Curing and specimens
For each series, three prismatic plate specimens of
300 9 70 9 10 mm dimensions were cast. All specimens
were demolded after 24 h of casting and kept under water
for approximately 56 days. Five rectangular specimens of
each series with dimensions 70 9 20 9 10 mm were cut
from the fully cured prismatic plate for each mechanical
and physical test [16].
Characterisation
High-resolution transmission electron microscopy
(HRTEM)
High-resolution transmission electron microscopy imaging
was done using 3000F (JEOL company) operating at 300 kV
equipped with a 4 9 4 k CCD camera (Gatan). HRTEM is
an imaging technique that creates images with atomic reso-
lution. 3000F has excellent HRTEM performance including
0.195-nm point resolution and 0.104-nm lattice resolution.
HRTEM was carried out at the University of Western Aus-
tralia. Nanoclay (Cloisite 30B) powder was dispersed in
ethanol inside a small glass container by using an ultrasonic
device for 15 min. After that, few drops of suspension were
mounted onto a copper grid and kept to dry.
Synchrotron radiation diffraction (SRD)
Synchrotron radiation diffraction (SRD) measurement was
carried out on the powder diffraction beamline at the
Australian Synchrotron. The diffraction patterns of each
sample were collected using a wavelength of 0.825 A˚ in
the 2h range of 8–52.
Scanning electron microscopy (SEM)
Scanning electron microscopy imaging was obtained using
a NEON 40ESB, ZEISS. The SEM investigation was
Table 3 Physical properties of the nanoclay platelets (Cloisite 30B)
[5]
Physical properties
Colour Off white
Density (g/cm3) 1.98
d-spacing (001) (nm) 1.85
Aspect ratio 200–1000
Surface area (m2/g) 750
Mean particle size (lm) 6
Table 4 Physical properties and chemical composition of OPC [2]
Properties/compositions OPC (ASTM Type I)
Physical properties
Specific gravity 3.17
Specific surface, blaine (cm2/g) 3170
Chemical analysis
SiO2 21.10
Al2O3 5.24
Fe2O3 3.10
CaO 64.39
MgO 1.10
SO3 2.52
Na2O 0.23
K2O 0.57
LOI 1.22
Table 5 Mix proportions of specimens
Sample name Hemp fabric
(HF) (wt%)
Mix proportions (wt%)
Cement Nanoclay Water/
binder
NCC-0 0 100 0 0.485
NCC-1 0 99 1 0.485
NCC-2 0 98 2 0.485
NCC-3 0 97 3 0.485
NCC-0/HF 2.5 100 0 0.485
NCC-1/HF 2.5 99 1 0.485
NCC-2/HF 2.5 98 2 0.485
NCC-3/HF 2.5 97 3 0.485
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carried out in detail on microstructures and the fractured
surfaces of samples. Specimens were coated with a thin
layer of platinum before observation by SEM to avoid
charging.
Thermogravimetric analysis (TGA)
The thermal stability of samples was studied by thermo-
gravimetric analysis (TGA). A Mettler Toledo TGA 1 star
system analyser was used for all these measurements.
Samples of 25 mg were placed in an alumina crucible and
tests were carried out in Argon atmosphere with a heating
rate of 10 C/min from 25 to 1000 C.
Physical properties
Measurements of bulk density and porosity were conducted
to determine the quality of nanocomposites. The thickness,
width, length and weight were measured in order to
determine the bulk density. The calculation for density was
carried out by using the following equation:
q ¼ md
V
ð1Þ
where q = density in (g/cm3), md = mass of the dried
sample (g) and V = volume of the test specimen (cm3).
The value of apparent porosity PS was determined using
the Archimedes principle in accordance with the ASTM
Standard (C-20) and clean water was used as the immer-
sion water. The apparent porosity PS was calculated using
the following equation [25]:
PS ¼ ms  md
ms  mi  100 ð2Þ
where mi = mass of the sample saturated with and sus-
pended in water and ms = mass of the sample saturated in
air.
For the water absorption test, the produced specimens
were dried at a temperature of 80 C until their mass
became constant and then the mass was weighed (W0). The
specimens were then immersed in clean water at a tem-
perature of 20 C for 48 h. After the desired immersion
period, the specimens were taken out, wiped quickly with a
wet cloth and then the mass was weighed (W1) immedi-
ately. The rate of water absorption (WA) was calculated
using the formula
WA ¼ W1  W0
W0
 100 ð3Þ
Mechanical properties
Five specimens, measuring 70 9 20 9 10 mm, in each
composition were used to measure the mechanical prop-
erties. Three-point bend tests were conducted using a
LLOYD material testing machine to evaluate the flexural
strength and fracture toughness of the composites. The
support span used was 40 mm with a displacement rate of
0.5 mm/min. The flexural strength rF was evaluated using
the following equation:
rF ¼ 3PmS
2BW2
ð4Þ
where Pm is the maximum load at crack extension, S is the
span of the sample, W is the specimen thickness (depth)
and B is the specimen width.
In order to determine the fracture toughness, a sharp
razor blade was used to initiate a sharp crack in the sam-
ples. The ratio of the crack length to thickness (depth) ( a
W
)
was about 1/3. The fracture toughness was calculated using
the following equation [26, 27]:
KIC ¼ pmS
BW3=2
f
a
W
 
ð5aÞ
where a is the crack length (mm) and f a
W
 
is the polyno-
mial geometrical correction factor given by
The impact strength of the composite was determined
using a Zwick Charpy impact tester with 1.0 J pendulum
hammer. Unnotched sampled were used to compute the
impact strength using the following formula:
rI ¼ E
A
ð6Þ
where E is the impact energy to break a sample with a
ligament of area A.
f
a
W
 
¼ 3ða=WÞ
1=2½1:99  ða=WÞð1  a=WÞ  ð2:15  3:93a=W þ 2:7a2=W2Þ
2ð1 þ 2a=WÞð1  a=WÞ3=2
ð5bÞ
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Results and discussion
Characterisation
High-resolution transmission electron microscopy
(HRTEM)
HRTEM images for nanoclay (Cloisite 30B) are shown in
Fig. 2a, b. The lower magnification image in Fig. 2a gives
a general view of the nanoclay platelets. The high magni-
fication image in Fig. 2b shows the layer structure of
nanoclay platelets. It can be seen clearly that the distances
between the nanoclay platelets were about 1.85 nm, and
thus this is evidence that the d-spacing of (0 0 1) planes in
nanoclay layers were 1.85 nm as shown in Table 3 [21].
Synchrotron radiation powder diffraction (SRD)
The synchrotron radiation powder diffraction (SRD) patterns
of nanoclay, cement paste and nanocomposites containing 1,
2 and 3 wt% nanoclay, respectively, are shown in Fig. 3a–e.
The database of the International Centre for Diffraction Data
(PDF-4 2013) was used for phase identification. It is common
that PDF is calculated according to Cu Ka wavelength
(k = 1.5406 A˚), but because synchrotron wavelength
(k = 0.825 A˚) was used in this study, the PDF database was
adjusted according to synchrotron wavelength. However, the
serial number of PDF and d-spacing which identify phases
did not change, but the two-theta was shifted. Figure 3a
shows the SRD pattern of nanoclay. It has a crystalline phase
which refers to Montmorillonite-18A [Na0.3(Al,Mg)2-
Si4O10OH26H2O] (PDF000120219). However, this phase
was not detected clearly in nanocomposites. In Fig. 3b–e,
three important phases can be seen: portlandite [Ca(OH)2]
(PDF 00-044-1481), dicalcium silicate [C2S] (PDF 00-033-
0302) and tricalcium silicate [C3S] (00-049-0442). Moreover,
there are two less important phases: Quartz [SiO2] (PDF
000461045) and Calcite [CaCO3] (PDF 000050586) [28, 29].
The composition of Ca(OH)2 has a well-defined crystal-
lized structure; it has five major peaks in the SRD pattern,
which correspond to 2h angles of 9.61, 15.23, 18.06,
24.71 and 26.56. Although there are some overlaps of
peaks and they have small intensities, dicalcium silicate
(C2S) has four major peaks that correspond to 2h angles of
16.48, 17.04, 17.28 and 21.72, and tricalcium silicate
(C3S) has four major peaks that correspond to 2h angles of
15.61, 17.05, 17.23 and 26.98. However, generally, the
addition of nanoclay reduced the intensities of Ca(OH)2
crystals compared to the control cement paste. In the
nanocomposite containing 1 wt% nanoclay, the intensities
of Ca(OH)2 crystals significantly reduced compared with the
control. This result indicates that an obvious consumption of
Ca(OH)2 crystals happens in the cement–nanocomposite
mainly due to the effect of pozzolanic reaction in the
Fig. 2 TEM images of nanoclay (Cloisite 30B) at a low magnifica-
tion, b high magnification
Fig. 3 Synchrotron radiation diffraction (SRD) patterns of a nano-
clay, b cement paste, c nanocomposites containing 1wt % nanoclay,
d nanocomposites containing 2 wt% nanoclay and e nanocomposites
containing 3 wt% nanoclay. Numbers indicate: 1 = Portlandite
[Ca(OH)2] phase, 2 = Dicalcium silicate [C2S] phase, 3 = Trical-
cium silicate [C3S] phase, 4 = Quartz [SiO2] phase and 5 = Calcite
[CaCO3] phase
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presence of nanoclay and good dispersion of nanoclay in the
matrix which lead to the production of more amorphous
calcium silicate hydrate gel (C–S–H). This result is in
agreement with the work done by Chang et al. [29] where
the intensities of Ca(OH)2 crystals were decreased by the
addition of 0.6 wt% nano-montmorillonite into cement
paste. On the other hand, for nanocomposites containing
3 wt%, there are insignificant effects. This may be attributed
to agglomerations of nanoclay at high contents which lead to
poor pozzolanic reaction. Overall, the results indicate that
nanomatrix with 1 wt% nanoclay can consume more
Ca(OH)2 crystals and can improve the structure more
effectively than 3 wt% nanoclay.
Thermal stability and properties
The thermal stability of samples was determined using
thermogravimetric analysis (TGA). In this test, the thermal
stability was studied in terms of the weight loss as a function
of temperature in Argon atmosphere. The thermograms
(TGA) of nanoclay, hemp fabric, cement paste, HF-
reinforced cement composite and HF-reinforced nanocom-
posites are shown in Fig. 4. The char yields at different
temperatures are summarized in Table 6. For hemp fabric, it
can be seen from the TGA curve that the weight loss (%)
between 285 and 375 C is due to the decomposition of
cellulose. This result is in agreement with Rachini et al. [30]
where the weight loss (%) of hemp fibres under Argon in the
range of 280–380 C is due to cellulose decomposition.
Concerning nanoclay, it can be seen from the TGA curve
that the weight loss (%) between 300 and 400 C is due to
decomposition of the ammonium salts on montmorillonite.
The TGA analysis shows three distinct stages of
decomposition in cement paste, HF-reinforced cement
composite and HF-reinforced nanocomposites. The first
stage of decomposition is between room temperature and
230 C, which may be related to the decomposition of
Ettringite and dehydration of C–S–H gel. The second stage
of decomposition is between 420 and 500 C, which cor-
responds to Ca(OH)2 decomposition. The last stage of
decomposition is between 670 and 780 C, which corre-
sponds to CaCO3 decomposition [31, 32]. In the first stage,
Fig. 4 TGA curves of
nanoclay, hemp fabric (HF),
cement paste, HF-reinforced
cement composite and HF-
reinforced nanocomposites
Table 6 Thermal properties of nanoclay, hemp fabric (HF), cement paste, HF-reinforced cement composite and HF-reinforced nanocomposites
Sample Char yield at different temperatures (%)
100 C 200 C 300 C 400 C 500 C 600 C 700 C 800 C 900 C 1000 C
Nanoclay 98.76 98.52 90.81 79.02 75.64 74.75 72.35 71.68 71.01 70.64
HF 97.01 95.85 86.89 26.79 24.75 23.06 21.40 20.48 19.36 18.48
NCC-0 93.63 89.38 86.14 84.35 82.21 81.77 78.19 77.25 76.81 76.08
NCC-0/HF 94.61 91.41 81.02 76.85 75.58 74.21 67.08 61.69 61.02 59.99
NCC-1/HF 94.27 90.32 86.23 84.70 83.03 82.76 78.46 76.30 75.81 74.85
NCC-2/HF 94.77 90.80 86.52 83.82 81.47 81.34 77.15 72.18 71.76 70.86
NCC-3/HF 94.89 91.14 85.93 82.10 79.94 79.43 74.39 69.04 68.55 67.62
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HF-reinforced nanocomposites show slightly better thermal
stability than cement paste due to resistance of nanoclay to
the decomposition. In the second stage, the HF-reinforced
nanocomposites containing 1 wt% show better thermal
stability than all samples due to dense and compact
nanomatrix through consumption of CH and formation of
secondary CSH gels during pozzolanic reaction [33]. On
the other hand, HF-reinforced nanocomposites containing
3 wt% show lower thermal stability than all cement pastes
and other HF-reinforced nanocomposites, in which this
result confirms that a slightly poor pozzolanic reaction has
occurred and hence nanomatrix is less compacted. More-
over, HF-reinforced cement composites and pure nanoclay
show lower thermal stability than others. At 800–1000 C,
HF-reinforced nanocomposites containing 1 wt% show
thermal stability slightly less than cement paste, but better
than other samples. From Table 6 at 1000 C, the char
residue of cement paste and HF-reinforced cement com-
posite was about 76.08 and 59.99 wt%, respectively. The
char residue of HF-reinforced nanocomposites containing
1, 2 and 3 wt% was about 74.85, 70.86 and 67.62 wt%,
respectively. It can be seen that HF-reinforced nanocom-
posites containing 1 wt% performed better in thermal sta-
bility with higher char residue of 74.85 wt% than other
samples. In a similar study, Chen et al. [34] reported that
the addition of 10 wt% nano-TiO2 into cement paste
improved the thermal stability of nanocomposite, in which
it was a non-reactive filler.
Porosity and density
The porosity, density and water absorption values of
cement paste, nanocomposites, HF-reinforced cement paste
and HF-reinforced nanocomposites are shown in Table 7.
Generally, the composites containing HF exhibited higher
porosity and water absorption that those without HF. This
could be attributed to the formation of voids at the inter-
facial areas between HF and matrices. However, Table 7
shows that the addition of nanoclay decreases the porosity
and water absorption of these composites when compared
to control cement paste and HF composites. For nano-
composites with 1 wt% of nanoclay, the porosity decreases
by 20.6 % and water absorption decreases by 23.5 %
compared to cement paste. Moreover, in HF-reinforced
nanocomposites containing 1 wt% of nanoclay, the poros-
ity and water absorption decrease by 16 and 18.8 %,
respectively, compared to HF-reinforced cement compos-
ite. This indicates that nanoclay has a filling effect in the
porosity of cement paste composites with and without HF.
This result is in agreement with the work done by Jo et al.
[35] where the porosity of cement mortar is decreased by
the addition of nano-SiO2 particles. In Table 7, the addition
of 1 wt% of nanoclay increased the density of control
cement paste and HF-reinforced composites by 4 and 3 %,
respectively. This improvement demonstrated that cement
composites with 1 wt% nanoclay yield more consolidated
microstructure. However, the addition of more nanoclay
leads to an increase in porosity and a decrease in density
[36]. SEM examinations for the microstructure of nano-
composites containing 1 and 3 wt% nanoclay are shown in
Fig. 5a, b. The SEM micrograph for nanocomposites con-
taining 1 wt% of nanoclay (Fig. 5a) shows that the struc-
ture is denser and compact with few pores. On the other
hand, in Fig. 5b, the nanocomposites containing 3 wt%
nanoclay shows more pores and microcracks which weaken
the structure.
Mechanical properties
Flexural strength
Flexural strength of control cement paste, nanocomposites,
HF-reinforced cement paste and HF-reinforced nanocom-
posites is shown in Table 8. In general, the incorporation of
nanoclay in cement matrix led to a modest enhancement in
flexural strength of all nanocomposites and HF-reinforced
nanocomposites. The flexural strength of nanocomposites
containing 1 wt% nanoclay is increased by 31.9 % com-
pared to the control one. This improvement can be attrib-
uted to pozzolanic and filler effect of 1 wt% nanoclay
which led to a denser nanomatrix than the control cement
matrix [7, 29]. The effect of nanoclay on the flexural
strength of HF-reinforced cement composite can also be
seen in Table 8. The flexural strength of HF-reinforced
nanocomposites containing 1 wt% nanoclay is increased
from 6.9 to 8.8 MPa, about 28.5 % increase compared to
HF-reinforced cement composite. This could be attributed
to good hemp fabric–nanocomposite matrix adhesion. An
analogous study was done by Khorami and Ganjian [37]
where cement matrix was reinforced with 4 wt% bagasse
fibres, and cement was replaced by 5 % silica fume by
weight. The flexural strength was increased by about 20 %
Table 7 Density, porosity and water absorption values for cement
paste and its nanocomposites with and without HF
Samples Density (g/cm3) Porosity (%) Water absorption (%)
NCC-0 1.78 23.48 13.18
NCC-1 1.85 18.64 10.08
NCC-2 1.78 19.57 10.96
NCC-3 1.76 19.91 11.30
NCC-0/HF 1.66 27.21 16.40
NCC-1/HF 1.71 22.86 13.32
NCC-2/HF 1.64 25.45 15.45
NCC-3/HF 1.63 26.45 16.15
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compared to the control bagasse fibre-reinforced cement
matrix in that study. They attributed this improvement to
the pozzolanic and filler effects of very fine silica fume
particles, which led to enhancement of the bond strength
between the matrix and the fibres. However, the addition of
more nanoclay than 1 wt% caused a marked decrease in
flexural strength of nanocomposites and HF-reinforced
nanocomposites containing 2 and 3 wt% nanoclay in this
study. This was due to the poor dispersion and agglomer-
ations of the nanoclay in the cement matrix at higher clay
contents, which led to an increase in porosity and
decreased the bond between the fibres and the nanomatrix
[7, 38].
The load–midspan deflection curves for HF-reinforced
cement composite and HF-reinforced nanocomposites are
shown in Fig. 6. The HF-reinforced nanocomposites con-
taining 1 wt% nanoclay show the highest flexural load.
This is due to a high fibre–matrix interface bond, which
increases the maximum load capacity. On the other hand,
the HF-reinforced nanocomposites containing 2 and 3 wt%
nanoclay and HF-reinforced cement composite show a low
flexural load. This could be attributed to the increase in
porosity which decreases the bond strength of fibre–
nanomatrix adhesion.
Fracture toughness
The fracture toughness of the control and nanocomposites
with and without HF is shown in Table 8. In general, all
composites containing HF showed significant improvement
in fracture toughness. This enhancement is due to fracture
resistance by hemp fabrics which resulted in increased
energy dissipation from crack deflection at the fibre–matrix
interface, fibre debonding, fibre bridging, fibre pull-out and
fibre fracture [2, 14, 39, 40]. In the case of nanocomposites,
the fracture toughness of control cement paste and nano-
composites with 1, 2 and 3 wt% nanoclay was 0.35, 0.46,
Fig. 5 SEM micrographs of a nanocomposites containing 1 wt%
nanoclay and b nanocomposites containing 3 wt% nanoclay. Numbers
indicate: 1 = [Ca(OH)2] crystals, 2 = pores and 3 = C–S–H gel
Table 8 Flexural strength and fracture toughness of cement paste
and its nanocomposites with and without HF
Samples Flexural strength
(MPa)
Fracture toughness
(MPa m1/2)
NCC-0 5.43 ± 0.51 0.35 ± 0.02
NCC-1 7.16 ± 0.53 0.46 ± 0.03
NCC-2 7.06 ± 0.11 0.42 ± 0.05
NCC-3 6.76 ± 0.44 0.39 ± 0.02
NCC-0/HF 6.88 ± 0.52 0.65 ± 0.05
NCC-1/HF 8.84 ± 0.40 0.81 ± 0.08
NCC-2/HF 7.72 ± 0.26 0.74 ± 0.02
NCC-3/HF 7.07 ± 0.57 0.66 ± 0.09
Fig. 6 Load–midspan deflection curves for HF-reinforced cement
composite and HF-reinforced nanocomposites from flexural test
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0.42 and 0.39 MPa m1/2, respectively. It can be seen
clearly that the nanocomposites with 1 wt% of nanoclay
achieved the highest fracture properties with improvement
reaching up to 31.4 %. The addition of nanoclay into HF-
reinforced nanocomposites also increased the fracture
toughness. The fracture toughness of HF-reinforced com-
posites and HF-reinforced nanocomposites containing 1, 2
and 3 wt% nanoclay were 0.65, 0.81, 0.74 and
0.66 MPa m1/2, respectively. It can again be seen that the
fracture toughness of HF-reinforced nanocomposites con-
taining 1 wt% nanoclay is increased by 24.6 % compared
to HF-reinforced cement matrix. This is attributed to the
fact that the nanoclay modified the matrix through pozzo-
lanic reaction and reduced the Ca(OH)2 content. Thus, a
good interfacial bond between the nanomatrix and the
hemp fibres was achieved. In a similar study, Alamri and
Low [41] reported that the addition of 1 wt% halloysite
nanotubes (HNTs) into recycled cellulose fibres (RCF)/
epoxy matrix significantly increased the fracture toughness
by 38.8 % compared to RCF-reinforced epoxy composites.
However, facture toughness of nanocomposites and HF-
reinforced nanocomposites decreased slightly with more
nanoclay addition. This is attributed to the poor dispersion
of a high content of nanoclay into the matrix, which leads
to an increase in porosity and weakens the interfacial bond
between the fibres and the nanomatrix [40]. Figure 7 shows
the SEM micrographs of HF/matrix interface of HF-rein-
forced nanocomposite containing 1 and 3 wt% nanoclay
after the fracture toughness test. The examination of the
fracture surface of HF-reinforced nanocomposites con-
taining 1 wt% nanoclay shows a good fibre–matrix inter-
face as well as the presence of hydration products on the
fibre surface indicating a better fibre/matrix interface bond
(Fig. 7a). On the other hand, poor fibre–matrix interface,
debonding of fibre and microcracks are observed in HF-
reinforced nanocomposite containing 3 wt% nanoclay
(Fig. 7b), which revealed a relatively weak matrix.
Impact strength
The impact strength can be defined as the ability of the
material to withstand impact loading [27, 42]. As shown in
Fig. 8, the presence of nanoclay enhanced the impact
strength for HF-reinforced nanocomposites. The impact
strength of HF-reinforced nanocomposites containing
1 wt% nanoclay was 2.45 kJ/m2, about 23 % increase
compared to HF-reinforced cement composite. This is due
to good interfacial bonding between the fibres and the
nanomatrix. But, as clay loading increased, the impact
strength decreased. For example, the impact strength of
HF-reinforced nanocomposites containing 3 wt% nanoclay
was 2.25 kJ/m2, about 13 % increase compared to HF-
reinforced cement composite. This reduction in impact
strength at higher clay loading was due to the formation of
clay agglomerates and voids which led to reduced fibre–
nanomatrix adhesion. Alhuthali and Low [5] reported that
Fig. 7 SEM images of the fracture surface after fracture toughness
test: a HF-reinforced nanocomposite containing 1 wt% nanoclay and
b HF-reinforced nanocomposite containing 3 wt% nanoclay
Fig. 8 Impact strength as a function of nanoclay content for HF-
reinforced composite and HF-reinforced nanocomposites
1692 J Mater Sci (2014) 49:1684–1694
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the addition of 3 wt% nanoclay into RCF/vinyl ester matrix
increased the impact strength by 27 % compared to RCF-
reinforced vinyl ester composites.
Conclusions
The effect of nanoclay on thermal, physical and mechanical
properties of hemp fabric-reinforced cement nanocomposite
has been investigated. The optimum content of nanoclay is
found to be 1 wt%. SRD analysis and SEM micrographs
showed that HF-reinforced nanocomposite containing
1 wt% nanoclay has a denser microstructure than others, and
thus this improvement led to enhancement of the hemp
fabric–nanomatrix adhesion. In addition, the incorporation
of 1 wt% nanoclay into the HF-reinforced nanocomposites
improved the thermal stability, decreased the porosity and
water absorption and increased the density, flexural strength,
fracture toughness and impact strength when compared to
the HF-reinforced cement composite. However, the addition
of more nanoclay ([1 wt%) into the HF-reinforced cement
composites adversely affected the thermal, physical and
mechanical properties.
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a b s t r a c t
Cement eco-nanocomposites reinforced with hemp fabric (HF) and nanoclay platelets (Cloisite 30B) are
fabricated and investigated in terms of X-ray diffraction, scanning electron microscopy, physical and
mechanical properties. Results indicated that the mechanical properties generally increased as a result
of the addition of nanoclay into the cement matrix with HF. An optimum replacement of ordinary
Portland cement with 1 wt% nanoclay decreased the porosity and also significantly increased the density,
flexural strength and fracture toughness of HF-reinforced nanocomposite. The microstructural results
indicate that the nanoclay behaves not only as a filler to improve the microstructure, but also as an
activator to promote the pozzolanic reaction and thus improved the adhesion with hemp fabric. The
failure micromechanisms and energy dissipative processes in HF-reinforced cement composite and
HF-reinforced nanocomposite are discussed in terms of microstructural observations. These cement
eco-nanocomposites can provide new insights for the development of new ‘environmental-friendly
nanomaterials’ for building applications such as the construction of sandwich panels, ceilings and roofs.
Crown Copyright  2014 Published by Elsevier Ltd. All rights reserved.
1. Introduction
Nowadays, in the building industry, natural fibres and nanoma-
terials have been gaining increasing attention due to two reasons.
One is to develop ‘environmentally friendly materials’ through
utilizing natural fibres as alternative to synthetic fibres in fibre-
reinforced concrete [1–3]. Another is to improve the properties of
Portland cement matrix by adding nanoparticles [4]. Recently,
nanoparticles are used in polymer, ceramic and construction mate-
rials, particularly producing nanocomposites which have superior
physical and mechanical properties [5]. In the construction indus-
try, several types of nanoparticles have been incorporated into
concretes such as nano-SiO2, nano-Al2O3, nano-Fe2O3, nano-ZnO2,
nano-CaCO3, nano-TiO2, carbon nanotubes and nano-metakaolin
in order to improve the durability and mechanical properties of
concrete [6–9].
Natural and cellulose fibres are used in polymer and cement
matrices to improve their tensile/flexural strength and fracture
resistance properties [10,11]. They are cheaper, biodegradable
and lighter than synthetic fibres. Some examples of natural fibres
are: cotton, sisal, flax, hemp, bamboo, coir, wheat straws and
others [12–14]. On the other hand, one of the most effective
techniques to obtain a high performance cementitious composite
is by reinforcement with textile (fabrics), which are impregnated
with cement paste or mortar. Synthetic (textile) fabrics such as
polyethylene (PE) and polypropylene (PP) have been used as rein-
forcement for cement composites, in which fabrics are made of
multi-filaments. This system has superior filament-matrix bonding
which improve mechanical properties such as tensile and flexural
strength more than continuous or short fibres [15–20]. In contrast,
the use of natural fibre sheets and fabrics is more prevalent in
polymer matrix when compared to cement-based matrix. For
example, using cellulose sheets in epoxy or viny-ester matrix have
improved the fracture toughness significantly [5,21].
Despite the advantages of natural fibres and fabrics and also
nanoparticles, there are still obstacles which limit their applica-
tions in the cementitious composites. Firstly, for natural fibres,
the interfacial bond between the natural fibre and the cement
matrix is relatively weak and also the degradation of fibres in a
high alkaline environment of cement matrix adversely affects the
mechanical and durability properties of natural fibre reinforced
cement composites [22]. Some researchers have recently recom-
mended that much research is needed to overcome these disad-
vantages [23]. Secondly, for all nanoparticles, one of the major
issues is that increasing the content of nanoparticles leads to
http://dx.doi.org/10.1016/j.cemconcomp.2014.03.002
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reduction of some mechanical properties such as the flexural
strength of cement paste [24]. However, little or no research is re-
ported on using of natural fabrics and nanoparticles (e.g. nanoclay)
as reinforcement in cement-composites.
In this paper, a novel material which involves synthesizing ce-
ment eco-nanocomposites has been investigated. Nanoclay was
utilised as partial replacement of cement at various contents to
produce the nanocomposites and hemp fabrics (HF) were used to
reinforce these nanocomposites. The effects of different amounts
of nanoclay on mechanical properties of HF-reinforced cement
nanocomposites have been evaluated. The microstructures of
hemp fabrics and eco-nanocomposite were investigated using
X-ray diffraction and scanning electron microscopy.
2. Experimental procedure
2.1. Materials
Hemp fabric (HF) and nanoclay (Cloisite 30B) were used as
reinforcements for the cement-matrix composites. The HF was
supplied by Hemp Wholesale Australia Pty. Kalamunda, Western
Australia as shown in Fig. 1. The chemical composition and
physical properties of hemp fabric are shown in Tables 1 and 2,
respectively [12,16]. The nanoclay (Cloisite 30B) used in this
investigation are based on natural montmorillonite clay (hydrated
sodium calcium aluminium magnesium silicate hydroxide
(Na,Ca)0.33(Al,Mg)2(Si4O10)(OH)2nH2O). Cloisite 30B is a natural
montmorillonite modified with a quaternary ammonium salt,
which was supplied by Southern Clay Products, USA. The specifica-
tion and physical properties of Cloisite 30B are outlined in Table 3
[5]. Ordinary Portland cement (OPC) was used in all mixes. The
chemical composition and physical properties of OPC are listed in
Table 4 [2].
2.2. Sample preparation
2.2.1. Nanocomposites
In this study, the OPC was partially substituted with nanoclay of
1%, 2% and 3% by weight of OPC. The OPC and nanoclay were first
dry mixed for 5 min in Hobart mixer at a low speed and thenmixed
for another 10 min at high speed until homogeneity was achieved.
The cement–nanocomposite paste (matrix) was prepared through
adding water with a water/binder (nanoclay–cement) ratio of 0.48.
2.2.2. Hemp fabric reinforced nanocomposites
Firstly, hemp fabrics were washed with water and dried for 4 h
at room temperature before beginning the casting, in order to re-
duce the effect of water absorption (hydrophilic effect) by hemp
fabrics. Pacheco-Torgal and Jalali [23] indicated that hemp fibre
has the lower water absorption (about 85–105%) compared to
other natural fibres, such as, bamboo (145%), sisal (110%) and ba-
nana (407%). Secondly, eight layers of hemp fabrics were used in
hemp fabric reinforced nanocomposites, in which their positions
were placed above and below the centre of the nanocomposite
sample over the depth of the specimen. Before each hemp fabric
was laid into the mould, the hemp fabric was initially soaked into
the nanocomposites matrix for 5 min, and then it was laid on
polished timber slab and left under heavy weight 20 kg for about
3–4 min, this step is very critical in order to achieve a better pen-
etration of the matrix in between the openings of the fabrics and to
reduce air bubbles and voids inside the fabric. The fabrication of
the hemp fabric reinforced nanocomposite specimen was done in
sequential steps. First, a thick layer of matrix (about 12 mm depth)
was poured into the mould, then the fresh pre-soaked hemp fabric
(about 0.7 mm depth) was laid on top of it. After that another thin
layer of matrix (about 1.5 mm depth) was poured into the mould
followed by the other fresh pre-soaked hemp fabric and then the
final thick layer of the matrix (about 12 mm depth). Finally, the
mould was placed on a concrete vibrating table for several seconds
to reduce the air bubbles and voids inside the specimens. The total
amount of hemp fabric in each specimen was about 2.4 wt%. The
mix proportions are given in Table 5.
2.2.3. Sample curing
For each series, four prismatic plate specimens of
40  40  160 mm3 in dimension were cast. All specimens were
demolded after 24 h of casting and kept under water for approxi-
mately 56 days [25].
2.3. Characterisation
2.3.1. X-ray diffraction
The samples were measured on a D8 Advance Diffractometer
(Bruker-AXS) using copper radiation and a LynxEye position sensi-
tive detector. The diffractometer were scanned from 7 to 70 (2h)
in steps of 0.015 using a scanning rate of 0.5/min. XRD patterns
Fig. 1. Optical micrograph of hemp fabric.
Table 1
Chemical analysis of hemp [12].
Cellulosic residue (wt%) Pectin (wt%) Hemicellulose (wt%) Lignin (wt%) (Wax, fat, protein) (wt%)
Hemp fibre 56.1 20.1 10.9 6 7.9
Table 2
Properties and structure of hemp fabric [12,16].
Fabric thickness (mm) 0.43
Fabric geometry Woven (plain weave)
Yarn nature Bundle
Filament size (mm) 0.04253
Number of filaments in a bundle 24
Bundle diameter (mm) 0.21
Opening size (mm) 0.3
Fabric Density (g/cm3) 0.6
Modulus of elasticity (GPa) 38–58
Tensile strength (MPa) 591–857
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were obtained by using Cu Ka lines (k = 1.5406 Å). A knife edge col-
limator was fitted to reduce air scatter.
The Quantitative X-ray Diffraction Analysis (QXDA) with Riet-
veld refinement was done with Bruker DIFFRACplus EVA software
associated with the International Centre for Diffraction Data PDF-4
2013 database. Corundum [Al2O3] was chosen to serve as an
internal standard. It was selected because it does not overlap with
important cement peaks up to 2h of 60 as well as it does not react
with water and has no influence on the hydration reaction [26–31].
By using an internal standard the concentration of the crystalline
phase can be determined on an absolute basis enabling the amor-
phous fraction to also be determined. The samples for QXDA were
prepared by mixing a dry weight of 3.0 g of cement paste or
nano-composite with 0.33 g of Corundum [Al2O3] as the internal
standard. This powder was then added to a McCrone micronising
canister with 7 ml of laboratory grade ethanol and sintered alu-
mina milling media and milled for 5.0 min. The suspension was
then poured into a polypropylene dish and dried at 105 C for
24 h. The dried powder was then brushed into a polypropylene
vial, and sealed until analysis [32].
2.3.2. Scanning electron microscopy
Scanning electron microscopy imaging was obtained using a
NEON 40ESB, ZEISS. The SEM investigation was carried out in detail
on microstructures and the fractured surfaces of samples. Speci-
mens were coated with a thin layer of platinum before observation
by SEM to avoid charging.
2.4. Physical properties
Measurements of bulk density and porosity were conducted to
determine the quality of nanocomposites and HF-reinforced nano-
composites accordance with the ASTM Standard (C-20) [33]. The
thickness, width, length and weight are measured in order to
determine the bulk density. The calculation for density was carried
out by using the following equation:
q ¼ md
V
ð1Þ
where q = density in (g/cm3), md = mass of the dried sample (g) and
V = volume of the test specimen (cm3).
The apparent porosity (Ps) was calculated using the following
equation:
PS ¼ ms mdVqw
 100 ð2Þ
where ms = mass of the sample saturated with water in air,
qw = density of water (g/cm3) and clean water was used as the
immersion water.
2.5. Mechanical properties
Four specimens of each HF-reinforced nanocomposite were
used in the mechanical tests. Three-point bend tests were con-
ducted using an Instron Testing Machine to evaluate the flexural
strength and fracture toughness of the composites. The support
span used was 140 mm with a displacement rate of 0.5 mm/min.
The flexural strength rF was evaluated using the following
equation:
rF ¼ 3PmS
2BW2
ð3Þ
where Pm is the maximum load, S is the span of the sample,W is the
specimen thickness (depth) and B is the specimen width.To deter-
mine the fracture toughness notch specimen was used. A sharp ra-
zor blade was used to initiate a sharp notch in the samples. The
ratio of notch depth to specimen depth ( aW) was about (1/3). The
fracture toughness was calculated using the following equation
[34,35]:
KIC ¼ pmS
BW3=2
f
a
W
 
ð4aÞ
where a is the crack length (mm) and f ð aWÞ is the polynomial geo-
metrical correction factor given by:
f
a
W
 
¼3ða=WÞ
1=2½1:99ða=WÞð1a=WÞð2:153:93a=Wþ2:7a2=W2Þ
2ð1þ2a=WÞð1a=WÞ3=2
ð4bÞ
3. Results and discussion
3.1. Quantitative X-ray Diffraction Analysis (QXDA)
The XRD patterns of nanoclay, cement paste and nanocompos-
ites containing 1–3 wt% nanoclay are shown in Fig. 2a–e), includ-
ing Corundum [Al2O3] phase as the internal standard. Table 6
shows the quantitative analysis with Rietveld refinement of
cement paste and nanocomposites containing 1–3 wt% nanoclay,
respectively. In Fig. 2, the Corundum phase (PDF 000461212)
identified as crystallized structure, and its eight major peaks
Table 3
Physical properties of the nanoclay platelets (Cloisite 30B) [5].
Physical properties of the (Cloisite 30B)
Colour Off white
Density (g/cm3) 1.98
d-spacing (001) (nm) 1.85
Aspect ratio 200–1000
Surface area (m2/g) 750
Mean particle size (lm) 6
Table 4
Physical properties and chemical composition of OPC [2].
Properties/compositions OPC (ASTM Type I)
Physical properties
Specific gravity 3.17
Specific surface, Blaine (cm2/g) 3170
Chemical analysis (weight%)
SiO2 21.10
Al2O3 5.24
Fe2O3 3.10
CaO 64.39
MgO 1.10
SO3 2.52
Na2O 0.23
K2O 0.57
LOI 1.22
Table 5
Mix proportions of specimens.
Sample
name
Hemp fabric (HF)
(wt%)
Mix proportions (wt%)
Cement Nanoclay Water/
binder
NCC-0 0 100 0 0.485
NCC-1 0 99 1 0.485
NCC-2 0 98 2 0.485
NCC-3 0 97 3 0.485
NCC-0/HF 2.4 100 0 0.485
NCC-1/HF 2.4 99 1 0.485
NCC-2/HF 2.4 98 2 0.485
NCC-3/HF 2.4 97 3 0.485
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correspond to 2h angle of 25.57, 35.14, 37.77, 43.34, 52.54,
57.49, 66.5, and 68.19 are shown. Fig. 2a shows the XRD
pattern of nanoclay with wide diffraction peaks. It has
crystalline phase at 2h of 9.82, 19.75, 29.85 and 61.61 which
refers to Montmorillonite-18A [Na0.3(Al,Mg)2Si4O10OH26H2O]
(PDF000120219). However, this phase was not detected clearly in
nanocomposites.
The XRD patterns of cement paste and nanocomposites contain-
ing 1–3 wt% nanoclay are shown in Fig. 2b–e. Three important
phases are noticed in this study: portlandite [Ca(OH)2] (PDF
00-044-1481), dicalcium silicate [C2S] (PDF 00-033-0302) and tri-
calcium silicate [C3S] (00-049-0442). Moreover, four less important
phases are also noticed: Ettringite [Ca6Al2(SO4)3(OH)12.26H2O]
(PDF 000411451), Gypsum [Ca(SO4)(H2O)2] (PDF 040154421),
Quartz [SiO2](PDF 000461045) and Calcite [CaCO3](PDF
000050586). And also unobserved peaks of Vaterite phase [CaCO3]
(PDF 000600483). The composition of Ca(OH)2 has a well-defined
crystallized structure, it has five major peaks in the XRD pattern
that corresponds to 2h angle of 18.01, 28.67, 34.10, 47.12 and
50.81, and also crystal planes of Miller indices (hkl) of (001),
(100), (101), (102) and (110), respectively. Although there are
some overlaps of peaks and they have small intensities, dicalcium
silicate (C2S) has four major peaks that correspond to 2h of 32.05,
32.14, 32.59 and 41.21 as well as tricalcium silicate (C3S) has
three major peaks that correspond to 2h of 32.12, 32.46 and
51.75 [26–30].
Table 6 indicates the phase abundance of such phases, but the
Corundum phase as the internal standard has not been included
in the phase abundance calculation. However, generally, the addi-
tion of 1–3 wt% nanoclay into the cement matrix has resulted in
apparent change to the crystalline components of the samples.
As can be seen from Table 6 and Fig. 2c, the addition of 1 wt% nano-
clay reduced the amount of Ca(OH)2 from 19.5 wt% to 15.7 wt%,
about 19.5% reduction compared to cement paste. Also the
intensities of major peaks of Ca(OH)2 were significantly reduced
compared to cement paste (Fig. 2b and c). Furthermore, the amor-
phous content was increased slightly from 67.4 wt% to 70 wt%,
about 3.7% increase. This indicates that an obvious consumption
of Ca(OH)2 crystals mainly due to the effect of pozzolanic reaction
in the presence of nanoclay and good dispersion of nanoclay in the
matrix leads to produce more amorphous calcium silicate hydrate
gel (C–S–H). This explanation is also confirmed by the inspection of
amount of unreacted C3S (2.1 wt%) and C2S (8.5 wt%), in which the
amount of unreacted C3S and C2S are slightly higher than the
cement paste. Wei et al. [36] reported that pozzolanic reaction
decelerates the hydration reaction of C3S and C2S during the curing
time of 28–112 days. In this study, these unreacted phases could
react with water later to produce more C–S–H gel after 56 days
[30,37].
On the other hand, as can be seen from Table 6 and Fig. 2e for
nanocomposites containing 3 wt% nanoclay, there is insignificant
effect of nanoclay in the hydration reaction. For example, the
amount of Ca(OH)2 was reduced from 19.5 wt% to 18.6 wt%, about
4.6% reduction compared to cement paste. Also the intensities of
major peaks of Ca(OH)2 were slightly decreased compared to ce-
ment paste (Fig. 2b and e). This may be attributed to agglomera-
tions of nanoclay at high contents which lead to poor dispersion
of nanoclay and hence poor pozzolanic reaction. Moreover, the
amount of C3S (1.6 wt%) is similar to the cement paste, and the
amount of C2S (7.4 wt%) is slightly higher than the cement paste
by about 4.2% increase; this also confirms that hydration reaction
has occurred more than pozzolanic reaction.
Several authors [27,37–39] reported that although the C–S–H
gel is mostly amorphous, it has some semicrystalline phase (e.g.
tobermorite) which notably occurs at 2h angle of 29.48, in which
Fig. 2. XRD patterns of: (a) nanoclay, (b) cement paste, and nanocomposites
containing various amounts of nanoclay: (c) 1 wt%, (d) 2 wt%, (e) 3 wt%.
Table 6
QXDA results (phase abundance) for cement paste and nanocomposites containing
1–3 wt% nanoclay.
Weight%
Phase NCC-0 NCC-1 NCC-2 NCC-3
Amorphous content 67.4 70.0 69.4 68.0
Portlandite [Ca(OH)2] 19.5 15.7 17.5 18.6
Ettringite [Ca6Al2(SO4)3(OH)1226H2O] 1.8 1.1 1.5 1.2
Gypsum [Ca(SO4)(H2O)2] 0.4 0.4 0.5 0.6
Tricalcium silicate [C3S] 1.5 2.1 1.2 1.6
Dicalcium silicate [C2S] 7.1 8.5 7.7 7.4
Quartz [SiO2] 0.4 0.6 0.5 0.4
Calcite [CaCO3] 1.1 0.8 0.9 1.2
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the intensity of this phase increases with increasing hydration
time. In Fig. 2c–e, the intensity of this peak has slightly increased
in nanocomposites containing 1–3 wt% nanoclay compared to ce-
ment paste (Fig. 2b). This may indicate that more C–S–H gel is
deposited in the nanocomposites than the cement paste. Table 6
shows that the calcite varies in all samples. For example, calcite de-
creased from 1.1% to 0.8% in nanocomposite containing 1% nano-
clay. This indicates that little carbonation occurred over the
56 day curing period [38]. Table 6 shows that Ettringite is slightly
less in nanocomposites than cement paste. For example, it de-
creased from 1.8% to 1.1% in nanocomposite containing 1% nano-
clay. Overall, the results indicate than 1 wt% nanoclay can
consume more Ca(OH)2 crystals and can improve the structure
more effectively than 3 wt% nanoclay. The mechanical and physical
properties also confirm this phenomenon, which is discussed in the
following sections.
3.2. Porosity and density
The porosity and density of cement matrix, nanocomposites,
HF-reinforced cement paste and HF-reinforced nanocomposites
are shown in Figs. 3 and 4, respectively. Generally the composites
containing HF exhibited higher porosity than those without HF.
This could be attributed to the formation of voids at the interfacial
areas between the HF and the matrix. However, Fig. 3 shows that
the addition of nanoclay decreases the porosity of these compos-
ites when compared to cement paste and HF composites. For nano-
composites with 1 wt% of nanoclay, the porosity decreases by
25.6%. Moreover, in HF-reinforced nanocomposites with 1 wt% of
nanoclay, it decreases by 15.5%. This indicates that the nanoclay
has filling effect in the porosity of cement paste composites with
and without HF. This result is in agreement with the work done
by Jo et al. [40] where the porosity of cement mortar is decreased
by the addition of nano-SiO2 particles. In Fig. 4, the addition of
1 wt% of nanoclay increased the density of cement paste and HF-
reinforced cement composites by 5.1% and 5.3%, respectively. This
improvement demonstrated that the cement composites with
1 wt% nanoclay yields more consolidated microstructure. However,
the addition of more nanoclay leads to increase in porosity and de-
crease in density. This could be attributed to the poor dispersion
and agglomerations of the nanoclay which create more voids in
the matrix [41].
These results are also supported by SEM examinations of micro-
structure of cement paste and nanocomposites containing 1 wt%
and 3 wt% nanoclay. Fig. 5a and b show SEM images of cement
Fig. 3. Variation of porosity as a function of nanoclay content for cement paste and
its nanocomposites with and without HF.
Fig. 4. Variation of density as a function of nanoclay content for cement pastes
paste and its nanocomposites with and without HF.
Fig. 5. SEM micrographs of: (a) and (b) cement paste, (c) nanocomposites containing 1 wt% nanoclay and (d) nanocomposites containing 3 wt% nanoclay.
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paste. The existence of more (Ca(OH)2) crystals, ettringite and
pores revealed weak structure of the matrix. Fig. 5c shows the
SEM image of nanocomposites containing 1 wt% nanoclay which
is different from that of cement paste, the structure is denser and
more compact with few pores. On the other hand, in Fig. 5d, the
nanocomposites containing 3 wt% nanoclay shows more pores,
(Ca(OH)2) crystals, ettringite and microcracks which weaken the
structure.
3.3. Mechanical properties
In general, the addition of nanoclay improved the mechanical
properties of the cement matrix. In addition, the pre-soaking of
hemp fabric in cement paste during sample preparation leads to
good penetration of the nanocomposite matrix in between the
reinforced filaments of the bundle as shown in Fig. 6, which also
improved the mechanical properties of composites [20].
3.3.1. Flexural strength
The flexural strength and load-midspan deflection curves for
HF-reinforced cement paste and HF-reinforced nanocomposites
are shown in Figs. 7 and 8, respectively. In general, the incorpora-
tion of nanoclay platelets into the cement matrix led to a modest
enhancement in the flexural strength of all HF-reinforced nano-
composites as shown in Fig. 7. The flexural strength of HF-rein-
forced nanocomposites containing 1wt% nanoclay is increased
from 4.9 to 6.2 MPa, about 26.2% increase compared to HF-rein-
forced cement composite. This improvement in mechanical
properties can be attributed due to two mechanisms. First is the
filling effect where the nanoclay filled the voids or pores in the ce-
ment paste in which the nano-particles are uniformly dispersed in
the matrix thus making the microstructure of nanocomposites
denser than the cement paste. The second mechanism is the
pozzolanic reaction, in which the nanoclay reacts with free
calcium-hydroxide (CH) in the cement matrix to produce more cal-
cium silicate hydrate (C–S–H) that also deposited in pore system
[7,42]. Thus, the hemp fabric- nanocomposite matrix adhesion is
mostly improved through consumption of CH by nanoclay, espe-
cially in the case of using 1 wt% nanoclay, which is evident from
the higher flexural strength value. An analogous research was done
by Khorami and Ganjian [43] where they studied the bagasse fibre-
reinforced cement matrix with fibres content of 4 wt%, and silica
fume was replaced for 5% of cement weight. They observed that
the flexural strength increased about 20% compared to control ba-
gasse fibre-reinforced cement matrix. They attributed this
improvement to the Pozzolanic and filler effects of very fine silica
fume particles, which led to enhancement of the bonding strength
between the matrix and fibres. Hence, the improvement in flexural
strength of HF-reinforced nanocomposites containing 1 wt% nano-
clay observed in this study (26.2%) is slightly better than that
observed by Khorami and Ganjian.
However, the addition of nanoclay more than 1 wt% caused a
marked decrease in flexural strength. This could be attributed to
the poor dispersion and agglomerations of the nanoclay in the ce-
ment matrix at higher clay contents, which create weak zones, in
the form of micro-voids as stress concentrators [7,44]. Moreover,
the addition of more nanoclay (i.e. 3 wt%) led to a significant reduc-
tion in flexural strength due to an increase in porosity. Neverthe-
less the addition of nanoclay improved the flexural strength of
HF-reinforced cement composites. The load-midspan deflection
Fig. 6. SEM micrograph showing the penetration of cement matrix in between the
reinforced fibres of hemp fabric.
Fig. 7. Variation of flexural strength as a function of nanoclay content for HF-
reinforced cement composite and HF-reinforced nanocomposites.
Fig. 8. Load versus mid-span deflection curves for for HF-reinforced cement
composite and HF-reinforced nanocomposites from flexural test.
Fig. 9. Variation of fracture toughness as a function of nanoclay content for HF-
reinforced cement composite and HF-reinforced nanocomposites.
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curves for HF-reinforced cement composite and HF-reinforced
nanocomposites are shown in Fig. 8. The HF-reinforced nanocom-
posite containing 1 wt% nanoclay shows the highest flexural load.
This is due to high fibre–matrix interface bonding, which increases
the maximum load-transfer capacity. On the other hand, the
HF-reinforced nanocomposites containing 2 and 3 wt% nanoclay
and HF-reinforced cement composite show low flexural load. This
could be attributed to the increase in porosity which decreases the
bonding between fibres and matrix, and thus the load-transfer.
3.3.2. Fracture toughness
The fracture toughness of HF-reinforced cement and nanocom-
posites are shown in Fig. 9. In general, all HF-reinforced composites
and HF-reinforced nanocomposites showed multiple-cracking
behaviour, as shown in Fig. 10 [45]. This is due to fracture
resistance by hemp fabrics which resulted in increased energy
dissipation from crack-deflection at the fibre–matrix interface,
fibre-debonding, fibre-bridging, fibre pull-out and fibre-fracture
[2,14,45,46]. The addition of nanoclay increased the fracture
toughness of HF-reinforced nanocomposites. The fracture toughness
for HF-reinforced nanocomposites containing 1–3 wt% nanoclay
is 1.24, 1.15, and 1.06 MPa m1/2, respectively. This is attributed to
the fact that the nanoclay modified the matrix through pozzolanic
reaction and reduced the CH content. Thus, good interfacial bond-
ing between the matrix and the hemp fibres was achieved, espe-
cially in the case of 1 wt% nanoclay, in which the increase in
fracture toughness was 24.9% comparing to HF-reinforced cement
matrix. In a similar study, Alamri and Low [47] reported that the
addition of 1 wt% halloysite nanotubes (HNTs) into recycled cellu-
lose fibres (RCF)/epoxy matrix significantly increased the fracture
toughness by 38.8% compared to RCF-reinforced epoxy composites.
Fig. 10. Optical image showing the multiple-cracking behaviour of HF-reinforced
nanocomposites.
Fig. 11. SEM images showing the fracture surfaces of samples at low and high magnification: (a) and (b) HF-reinforced cement composite, (c) and (d) HF-reinforced
nanocomposite containing 1 wt% nanoclay, (e) and (f) HF-reinforced nanocomposite containing 3 wt% nanoclay.
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However, the inclusion of high content of nanoclay increases
the porosity which adversely affected the interfacial bond
between the matrix and the fibres thus decreased the fracture
toughness [47].
3.3.3. Failure mechanisms
Fig. 11 shows the SEM images of the fracture surface and HF/
matrix interface for HF-reinforced cement composite and HF-rein-
forced nanocomposite containing 1 and 3 wt% nanoclay after frac-
ture toughness test. A variety of toughness mechanisms such as
shear deformation, crack bridging, fibre pull-out and rupture and
matrix fracture are observed. The examination of fracture surface
of HF-reinforced nanocomposites containing 1 wt% nanoclay
shows good fibre–matrix interface (Fig. 11c) as well as rough hemp
fibre surface (Fig. 11d). However, poor adhesion between the fibre
and the matrix is observed in HF-reinforced cement composite
(Fig. 11a and b). In HF-reinforced nanocomposite containing
3 wt% nanoclay, macro-crack is observed which revealed relativity
weak matrix and also debonding of fibre was occurred as shown in
Fig. 11e and f.
4. Cost-benefit analysis, manufacturing and applications of this
composite
Natural fibres/fabrics are increasingly being utilized due to their
low density, low cost, renewability, recyclability and availability
[1,5,10–14,21–23]. However, the problem is that nanoparticles
are expensive and could limit their applications [48]. However,
they are used in very small amount in concrete or other cementi-
tious composites. For example, in this study, 1 wt% nanoclay in
hemp fabric reinforced cement composites led to significant
improvement in mechanical properties. From economic point of
view, the addition of 1 wt% nanoclay in hemp fabric reinforced ce-
ment composite will not add any significant cost but will improve
the mechanical properties by about 26%.
Manufacturing of synthetic or natural fibre-reinforced cement
composites or cement board/sheet generally use mixing and
casting methods [12,49], pultrusion method or hand lay-up
technique [17,50,51]. In this study, the hemp fabric reinforced
cement-eco-nanocomposites was manufactured using hand lay-
up technique, where nanoclay–cement matrix (paste) and hemp
fabrics are placed in alternating layers manually. Woven fabrics
are easy to handle and easy to place using both manual and
automated manufacturing techniques, so it is easy to made
cement-eco-nanocomposites by using both hand lay-up method
and automated manufacturing techniques. Thus they can be
replicated at an industrial level and/or on site. The environmental
benefit of this cement eco-nanocomposite will overcome the cost
and manufacturing process. The developed hemp fabric reinforced
composite can also be widely employed as an alternative to syn-
thetic fibres in some applications including concrete tiles, roofing
sheets, sandwich panels, on-ground floors, ceilings and structural
laminate.
5. Conclusions
The physical and mechanical properties of hemp fabric rein-
forced cement composite and nanocomposites were investigated.
The optimum content of nanoclay was found to be 1 wt%. The
HF-reinforced nanocomposites containing 1 wt% nanoclay de-
creased the porosity (15.5%) and also increased the density
(5.3%), flexural strength (26.2%) and fracture toughness (24.9%)
compared to the HF-reinforced cement composite. However, the
addition of more nanoclay (more than 1 wt%) into the HF-rein-
forced cement composites adversely affected the flexural strength
and the fracture toughness. SEM micrographs of HF-reinforced
nanocomposite containing 1 wt% nanoclay also support its
improvement as compared to other samples in terms of presence
of hydration products on the fibre surface indicating better fibre/
matrix interface. The QXDA analysis showed that the addition of
1 wt% nanoclay in cement paste reduced the amount of Ca(OH)2
and increased the amount of C–S–H gel. However, no such signifi-
cant improvement was observed when nanoclay content increased.
The SEM micrographs also supported the above observations,
where pores and cracks are observed in the nanocomposite
containing 3 wt% nanoclay. This hemp fibre reinforced cement
eco-nanocomposite could be an interesting alternative to conven-
tional polymeric fibre reinforced cementitious composites in the
construction industry. Potential applications include structural
laminate, sandwich panels, ceilings, roofing sheets, on-ground
floors and concrete tiles. However, much research is still needed
to overcome the agglomerations of nanoclay and to discover the
best method of mixing which can lead to good dispersion of nano-
clay in matrix and thus to increase its content in manufacturing
new nanomaterials.
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a b s t r a c t
The influence of nanoclay (NC) and calcined nanoclay (CNC) on the mechanical and thermal properties of
cement nano-composites presented. Calcined nanoclay is prepared by heating nanoclay (Cloisite 30B) at
900 C for 2 h. Characterisation of microstructure is investigated using Quantitative X-ray Diffraction
Analysis (QXDA) and High Resolution Transmission Electron Microscopy (HRTEM). Estimation of Ca(OH)2
content in the cement nanocomposite is studied by the combination of QXDA and thermogravimetry
analysis (TGA) techniques. Results showed that the mechanical and thermal properties of the cement
nanocomposites are improved as a result of NC and CNC addition. An optimum replacement of ordinary
Portland cement with 1 wt% CNC is observed through reduced porosity and water absorption as well as
increased density, compressive strength, flexural strength, fracture toughness, impact strength, hardness
and thermal stability of cement nanocomposites. The microstructural analyses from QXRA and SEM
indicate that the CNC acted not only as a filler to improve the microstructure, but also as the activator to
support the pozzolanic reaction. Cost-benefit analysis indicates that nanoparticles are expensive but
from economic point of view nanoclay is used in very small amount (i.e. 1 wt. %) in cementitious ma-
terials. As a result nanoclay does not add any significant cost but improves the mechanical properties
significantly.
Crown Copyright © 2015 Published by Elsevier Ltd. All rights reserved.
1. Introduction
Nowadays, nanotechnology is one of the most active research
areas in the civil engineering and construction materials [1e3].
Nanoparticles are used in polymer, ceramic and construction ma-
terials in order to produce cement nanocomposites that exhibit
superior physical and mechanical properties [4,5]. In the con-
struction industry, several types of nanomaterials have been
incorporated into concretes or cement based materials such as
nano-SiO2, nano-Al2O3, nano-Fe2O3, nano-ZnO2, nano-MgO, nano-
CaCO3, nano-TiO2, carbon nanotubes, nano-metakaolin and nano-
ZrO2 in order to improve the durability and mechanical properties
of concrete and Portland cement matrix [6e10]. Supit and Shaikh
[11] reported that the addition of 1% nano-CaCO3 increased the
compressive strength of mortar and concrete significantly. Nano-
silica (NS) has recently been introduced as an advanced pozzolan
to improve themicrostructure and stability of cement based system
[12]. It has been observed that the NS consumed free lime (calcium
hydroxide) during cement hydration and formed calcium silicate
hydrate (CSH) gel due to its high fineness and reactivity [13]. In
addition, the NS is particularly beneficial in acting as a nucleus to
make the cement hydrate dense and improves the interfacial
transition zone despite of small amount of replacement. From some
conducted experiments, Zhang and Islam [14] and Jo et al. [15]
reported better performance of concrete containing NS than that
containing silica fume. Nano silica also improved the microstruc-
ture and mechanical properties of high calcium fly ash based geo-
polymer cured at ambient temperature [16].
Nanoclay (NC) is a new generation of processed clay for a wide
range of high-performance cement nanocomposite [17,18]. As a
kind of nano-pozzolanic material, nanoclay not only reduces the
pore size and porosity of the cement matrix, but also improves the
strength of cement matrix [19]. Furthermore, nanoclay particles
enhance hardened properties of cement paste and mortar. Far-
zadnia et al. [20] reported that incorporation of 3% halloysite
nanoclay into cement mortars increased the 28th day compressive
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strength up to 24% compared to the control samples. However, little
research is reported on the use of calcined nanoclay (CNC) as
reinforcement in cement nanocomposite. In this paper, the effect of
different amounts of nanoclay and calcined nanoclay on the me-
chanical and thermal properties of cement nanocomposite is
studied. Due to calcination the amorphous contents of nanoclay is
increased, which later reacted with Ca(OH)2 of the cement hydra-
tion products and formed additional calcium-silica-hydrate (CSH)
gel. The benefit of the use of CNC is the improvement of micro-
structure of the cement nanocomposite. The microstructures of
cement nanocomposite were investigated using Quantitative X-ray
Diffraction Analysis (QXDA) and High Resolution Transmission
Electron Microscopy (HRTEM).
2. Experimental procedure
2.1. Materials
The nanoclay platelets (Cloisite 30B) used in this investigation is
a natural montmorillonite modified with a quaternary ammonium
salt, which was supplied by Southern Clay Products, USA. The
specification and physical properties of Cloisite 30B are shown in
Table 1. Ordinary Portland cement (ASTM Type I) was used in all
mixes.
2.2. Thermal treatment of nanoclay
Calcined nanoclay (CNC) was prepared by heating the nanoclay
at 800, 850 and 900 C for 2 h in an electric furnace with a heating
rate of 10 C/min. The calcined nanoclay was then characterized by
XRD, EDS and TEM in order to determine the amorphous phase of
calcined nanoclay.
2.3. Sample preparation
2.3.1. Cement nanocomposite
Ordinary Portland cement (OPC) is partially substituted by
nanoclay (NC) or calcined nanoclay (CNC) of 1, 2 and 3% by weight
of OPC. The OPC and NC or CNC were first dry mixed for 5 min in a
Hobart mixer at a low speed and then mixed for another 10 min at
high speed until homogeneity was achieved. The binder is either
nanoclay-cement dry powder or calcined nanoclay-cement dry
powder. The cement nanocomposite paste was prepared through
adding water with a water/binder ratio of 0.485. The cement
nanocomposite containing 1, 2 and 3 wt% NC is termed as NCC1,
NCC2 and NCC3, respectively. And also the cement nanocomposite
containing 1, 2 and 3 wt% CNC is termed as CNCC1, CNCC2 and
CNCC3, respectively. The cement paste (C) was considered as a
control. The mix proportions are shown in Table 2.
2.3.2. Curing and specimens
Regarding each series, five cubes of size 50  50  50 mm and
five prismatic plate specimens of 300  70  10 mm in dimension
were cast. All specimens were demolded after 24 h of casting and
kept under water for approximately 56 days. Five rectangular
specimens of each series with dimensions 70  20  10 mm were
cut from the fully cured prismatic plate for each mechanical and
physical test. For compressive strength test, five cubes of size
50  50  50 mm were cast.
2.4. Material characterisation
2.4.1. High Resolution Transmission Electron Microscopy (HRTEM)
High Resolution Transmission Electron Microscopy imaging was
done using 3000F (JEOL company) operating at 300 kV equipped
with a 4 4 k CCD camera (Gatan). Nanoclay and calcined nanoclay
powders were dispersed in ethanol inside small glass containers by
using ultrasonic device for 15 min. After that few drops of sus-
pension were mounted onto copper grid and then kept to dry for
24 h at room temperature prior to examination.
2.4.2. The Quantitative X-ray Diffraction Analysis (QXDA)
The samples were measured on a D8 Advance Diffractometer
(Bruker-AXS) using Cu Ka (l ¼ 1.5406 Å) radiation. The diffrac-
tometer were scanned from 7 to 70 (2q) using a scanning rate of
0.5/min. The Quantitative X-ray Diffraction Analysis (QXDA) with
Rietveld refinement was done with Bruker DIFFRACplus TOPAS
software associated with the International Centre for Diffraction
Data PDF-4 2013 database. Corundum [Al2O3] was chosen to serve
as an internal standard [2,21e23]. The samples for QXDA were
prepared bymixing a dry weight of 3.0 g of cement paste or cement
nanocomposite paste with 0.33 g of Corundum [Al2O3] as the in-
ternal standard [4,24].
2.4.3. Scanning electron microscopy (SEM)
Scanning electron microscopy imaging was obtained using a
NEON 40ESB, ZEISS, equipped with energy dispersive spectroscopy
(EDS). The SEM investigation of samples was carried out in detail on
their microstructures and the fractured surfaces. Samples were
coated with a thin layer of platinum before observation by SEM to
avoid charging.
2.4.4. Thermogravimetric analysis (TGA)
The thermal stability of samples was studied by thermog-
ravimetry analysis (TGA). A Mettler Toledo TGA 1 star system
analyser was used for all measurements. Samples with 30 mg were
placed in an alumina crucible and tests were carried out in Argon
atmosphere with a heating rate of 10 C/min from 25 to 1000 C.
2.5. Physical properties
Measurements of bulk density and porosity were conducted to
determine the quality of cement nanocomposite. The calculation
for density was carried out by using the following equation:
Table 1
Physical properties of the nanoclay platelets (Cloisite 30B).
Physical properties of the (Cloisite 30B)
Colour Off white
Density (g/cm3) 1.98
d-spacing (001) (nm) 1.85
Aspect ratio 200-1000
Surface area (m2/g) 750
Mean particle size (mm) 6
Table 2
Mix proportions of specimens.
Sample Mix proportions (wt %)
Cement NC CNC Water/binder
C 100 0 0 0.485
NCC1 99 1 0 0.485
NCC2 98 2 0 0.485
NCC3 97 3 0 0.485
CNCC1 99 0 1 0.485
CNCC2 98 0 2 0.485
CNCC3 97 0 3 0.485
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r ¼ md
V
(1)
where, r ¼ density in (g/cm3), md ¼ mass of the dried sample (g)
and V ¼ volume of the test specimen (cm3).
According to ASTM C-20 Standard [25], the apparent porosity PS
was calculated using the following equation:
PS ¼
ms md
ms mi
 100 (2)
where mi ¼ mass of the sample saturated with and suspended in
water, ms ¼ mass of the sample saturated in air.
For the water absorption test, the produced specimens were
dried at a temperature of 80 C until their mass became constant
and then the mass was weighed (W0). The specimens were then
immersed in clean water at a temperature of 20 C for 48 h. After
the desired immersion period, the specimens were taken out and
wiped quickly with wet cloth, and then themass was weighed (W1)
immediately. The water absorption (WA) was calculated by using
the formula:
WA ¼
W1 W0
W0
 100 (3)
2.6. Mechanical properties
2.6.1. Compressive strength
Compressive strength of specimens was tested according to
ASTM: C109 using a loading rate of 0.33 MPa/s. The cube samples of
size 50  50  50 mm are cast. Five cubic specimens of each
composition were used to measure the compressive strength.
2.6.2. Flexural strength and fracture toughness
Three-point bend tests were conducted using a LLOYD Material
Testing Machine to evaluate the flexural strength and fracture
toughness of the specimens. The support span used was 40 mm
with a displacement rate of 0.5 mm/min. The flexural strength sF
was evaluated using the following equation:
sF ¼
3PmS
2BW2
(4)
where Pm is the maximum load, S is the span of the sample,W is the
specimen depth and B is the specimen width.
In order to determine the fracture toughness, a sharp razor
blade was used to initiate a sharp crack in the samples. The ratio of
crack length to depth (a/W) was about 1/3. The fracture toughness
was calculated using the following equation [4]:
KIC ¼
PmS
BW3=2
f
 a
W

(5a)
where a is the crack length (mm) and f(a/W) is the polynomial
geometrical correction factor given by:
Five specimens, measuring 70  20  10 mm, of each compo-
sition were used to measure the flexural strength and the fracture
toughness.
2.6.3. Impact strength
The impact strength of the specimen was determined using a
Zwick Charpy impact tester with 15 J pendulum hammer and
40 mm support span. Un-notched samples were used to compute
the impact strength using the following formula:
sI ¼
E
A
(6)
where E is the impact energy to break a sample with a ligament of
areaA. Five specimens, measuring 70  20  10 mm, of each
composition were used to measure the impact strength.
2.6.4. Rockwell hardness
The hardness of the specimen was determined by the Rockwell
hardness test, according to the specifications of ASTM E-18. Hard-
ness of specimen was measured on an Avery Rockwell hardness
tester using 1/800 H scale steel ball indenter having a major loading
capacity of 60 kg. Before measurement, the surfaces of test samples
were ground using a Struers Pedimat polisher with 10 mm diamond
polishing wheel. An average of five measurements from each
specimen was used to measure the Rockwell hardness.
3. Results and discussion
3.1. Material characterisation
3.1.1. Effect of thermal treatment on nanoclay microstructure
3.1.1.1. XRD analysis of calcined nanoclay. Fig. 1 shows the XRD
patterns of nanoclay and those calcined at 800, 850 and 900 C for
2 h, respectively. XRD patterns of nanoclay show wide diffraction
peaks which refer to Montmorillonite-18A [Na0.3(Al,Mg)2-
Si4O10OH2$6H2O] (PDF000120219) and also exhibit crystalline
phase at 2q of 4.82 which indicate the presence of the ammonium
salt. Patterns of calcined nanoclay at 800, 850 and 900 C show that
the ammonium salt peak completely disappeared at these tem-
peratures. Also other nanoclay peaks gradually disappeared and
transformed to amorphous state (calcined nanoclay) at 900 C (see
curve ‘d’ in Fig.1). Results of XRD clearly show the transformation of
crystalline phases of nanoclay to amorphous phases due to calci-
nation [26].
3.1.1.2. Energy dispersive spectroscopy (EDS) analysis of calcined
nanoclay. Fig. 2a and b shows typical EDS spectra of nanoclay and
calcined nanoclay (at 900 C). In Fig. 2a, ammonium salt in the
nanoclay is identified by carbon and nitrogen elements (Fig. 3). The
content of nitrogen element is very small, thus EDS cannot detect it
but the carbon element is clearly detected at 2.5 KeV. However, in
Fig. 2b, the carbon element disappeared because of combustion
which yielded carbon dioxide during calcination. This result also
confirms the decomposition of ammonium salt in calcined nano-
clay which agrees with XRD results.
f
 a
W

¼ 3ða=WÞ
1=21:99 ða=WÞð1 a=WÞ  2:15 3:93a=W þ 2:7a2W2
2ð1þ 2a=WÞð1 a=WÞ3=2
(5b)
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3.1.1.3. High Resolution Transmission Electron Microscopy (HRTEM)
of calcined nanoclay. HRTEM images of nanoclay (Cloisite 30B) at
low and high magnification are shown in Fig. 4aeb. In the high
magnification image (Fig. 4b), it can be seen clearly that the dis-
tances between the nanoclay platelets (i.e. layers) were about
1.85 nm and thus this is evidence that the d-spacing of (001) planes
in nanoclay layers was 1.85 nm as shown in Table 1. The HRTEM
images for calcined nanoclay (at 900 C) at low and high magnifi-
cation respectively are shown in Fig. 4ced. In high magnification
image (Fig. 4d), it can be seen that many platelets in calcined
nanoclay were destroyed and some of them broke to small nano-
particles with approximate spherical shapes ranging 3e8 nm. This
result also confirms the amorphous phase of calcined nanoclay
which agrees with the XDR results above.
3.1.2. Quantitative X-ray Diffraction Analysis (QXDA) of cement
nanocomposite
The XRD patterns of cement paste, cement nanocomposite con-
taining 1, 2 and 3 wt% CNC and cement nanocomposite containing
1 wt% NC are shown in Fig. 5aee, that included Corundum [Al2O3]
(PDF 000461212) phase as the internal standard. Table 3 shows the
results of quantitative analysis with Rietveld refinement of cement
paste and cement nanocomposite containing NC and CNC. Three
important phases are noticed in this study: portlandite [Ca(OH)2]
(PDF 00-044-1481), tricalcium silicate [C3S] (00-049-0442) and
dicalcium silicate [C2S] (PDF 00-033-0302). Moreover, four less
important phases are also noticed: Ettringite [Ca6Al2(-
SO4)3(OH)12.26H2O] (PDF 000411451), Gypsum [Ca(SO4)(H2O)2]
(PDF 040154421), Quartz [SiO2](PDF 000461045) and Calcite
[CaCO3](PDF 000050586) [2,21,23,27]. As can be seen in Table 3 and
Fig. 5b, the addition of 1 wt% CNC reduced the amount of Ca(OH)2
from 16.8 wt% to 12.1 wt%, about 28% reduction compared to cement
paste. Also the intensities of major peaks of Ca(OH)2 were signifi-
cantly reduced compared to cement paste (Fig. 5b and a). Further-
more, the amorphous content was increased from 70.1 to 74.8 wt%,
about 6.7% increase. This indicates that an obvious consumption of
Ca(OH)2 crystals mainly due to the effect of pozzolanic reaction in
the presence of amorphous CNC and good dispersion of amorphous
calcined nanoclay in thematrix, which leads tomore calcium silicate
Fig. 2. EDS analysis with SEM images of: (a) nanoclay, (b) calcined nanoclay (at 900 C).
Fig. 1. X-ray diffraction patterns of nanoclay and calcined nanoclay.
Fig. 3. Chemical structure of quaternary ammonium salt.
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hydrate gel (CeSeH) being produced. This explanation is also
confirmed by an increase in the amount of unreacted C3S (2.0 wt %)
and C2S (6.6 wt %), relative to the cement paste. Wei et al. [28] re-
ported that pozzolanic reaction decelerates the hydration reaction of
C3S and C2S during the curing time of 28e90 days. In this study,
these unreacted phases could reactwithwater later to producemore
CeSeH gel after 56 days. Recently, Shaikh et al. [29] reported that
the cement nanocomposite containing 2wt % nano-silica exhibited
less calcium hydroxide but slightly more C2S than the control
cement paste.
On the other hand, as can be seen in Table 3 and Fig. 5e, the
NCC1 cement nanocomposite shows lower amounts of C3S and C2S
and also higher amount of Ca(OH)2 compared to CNCC1 cement
nanocomposite but slightly higher amounts of C3S and C2S and also
lower amount of Ca(OH)2 compared to CNCC3 cement nano-
composite. This result confirms that less pozzolanic reaction has
occurred in NCC1 cement nanocomposite than CNCC1 cement
nanocomposite. In contrast, as can be seen from Table 3 and Fig. 5d
for cement nanocomposite containing 3 wt% CNC, the amount of
Ca(OH)2 was decreased from 16.8 wt% to 14.1 wt%, about 16%
reduction compared to cement paste. Also the intensities of major
peaks of Ca(OH)2 were slightly decreased compared to cement
paste (Fig. 5a and d). But this reduction of amount of Ca(OH)2 is less
than the reduction in cement nanocomposite containing 1 wt%
CNC. Moreover, the amounts of C3S (1.4 wt%) and C2S (5.4 wt%) are
also lower than cement nanocomposite containing 1 wt% CNC. This
may be attributed to agglomerations of CNC at high contents which
lead to relatively poor dispersion of CNC and hence relatively poor
pozzolanic reaction [2,30]. Table 3 also shows that the calcite
content varies in all samples. For example, the content of calcite
Fig. 4. TEM images of nanoclay and calcined nanoclay (at 900 C) at: (a, c) low magnification, (b, d) high magnification.
Fig. 5. XRD patterns of: (a) cement paste, cement nanocomposite containing: (b) 1 wt
% CNC (CNCC1), (c) 2 wt% CNC (CNCC2), (d) 3 wt% CNC (CNCC3), (e) 1 wt% NC (NCC1).
Numbers indicate to: 1 ¼ Corundum [Al2O3] phase, 2 ¼ Portlandite [Ca(OH)2] phase,
3 ¼ Tricalcium silicate [C3S] phase, 4 ¼ Dicalcium silicate [C2S] phase, 5 ¼ Ettringite
phase, 6 ¼ Gypsum phase, 7 ¼ Quartz phase, 8 ¼ Calcite phase.
Table 3
QXDA results for cement paste (C) and cement nanocomposite containing 1, 2 and
3 wt% CNC and 1 wt% NC.
Phase Weight % (phase abundance)
C CNCC1 CNCC2 CNCC3 NCC1
Portlandite [Ca(OH)2] 16.8 12.1 13.2 14.1 13.8
Ettringite [Ca6Al2(SO4)3(OH)12$26H2O] 2.0 1.3 1.5 1.8 1.6
Tricalcium silicate [C3S] 1.3 2.0 1.7 1.4 1.5
Dicalcium silicate [C2S] 4.4 6.6 6.1 5.4 6.1
Gypsum [Ca(SO4)(H2O)2] 0.7 0.4 0.6 0.4 0.4
Calcite [CaCO3] 3.7 2.1 2.7 3.3 3.0
Quartz [SiO2] 0.9 0.6 0.4 0.7 0.5
Amorphous content 70.1 74.8 73.7 72.8 73.0
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decreased from 3.7 to 2.1 wt% in cement nanocomposite containing
1 wt% CNC. This indicates that little carbonation occurred over the
56 day curing period. Table 3 shows that Ettringite is slightly less in
cement nanocomposite than cement paste. For example, it
decreased from 2.0 to 1.3 wt% in cement nanocomposite containing
1 wt% CNC.
3.1.3. Calculation of Ca(OH)2 content in cement nanocomposite by
the combination of QXDA and TGA techniques
The Ca(OH)2 content (CH) is calculated from the TGA curves
using the following equation [31]:
CHð%Þ ¼ WLCHð%Þ
MWCH
MWH2O
(7)
where WLCH(%) is corresponds to the weight loss attributable to
Ca(OH)2 decomposition, MWCH is the molecular weight of CH
(74.01 g/mol) and MWH2O is the molecular weight of H2O (18 g/
mol). The thermograms (TGA) of cement paste and cement nano-
composite containing CNC and NC are shown in Fig. 6. Table 4
summarises the CH content of above measured by QXDA and TGA
techniques. Results in Table 4 indicate that TGA is at least as good as
QXDA for quantifying the amount of calcium hydroxide [27]. It can
be seen that there is good agreement between the two techniques,
where both measured amounts are very close to each other [28].
However, the amounts of CH by TGA are slightly lower than the
QXDA. This observation is in agreement with the work done by
Scrivenera et al. [24] and Korpa et al. [32], in which they reported
that this discrepancy could be attributed to the possible error
sources of each method itself that were difficult to quantify.
Nevertheless, inside the error margin there is a good correlation of
the values assessed by both techniques employed [32]. And also the
above consistency added a new evidence for reliability of the QXRD
method to characterize quantitatively the hydration of cement
systems [28]. The TGA and QXDA results in Table 4 also confirm the
reactivity of 1 wt% CNC in reducing the CH content in cement
nanocomposite. The CNC is mainly amorphous material and be-
haves as a highly reactive artificial pozzolan. The CH content by the
TGA and QXDA in cement nanocomposite containing 1 wt% CNC
was 10.7 and 12.1 wt%, respectively. It is also be seen that the CH
content in cement nanocomposite containing 1 wt% CNC is reduced
significantly when compared to cement paste and cement nano-
composite containing NC and CNC such as cement nanocomposite
containing 1 wt% NC. This could be due to the reactivity of 1 wt%
CNC in cement nanocomposite and the consumption of CH by the
pozzolanic reaction.
3.2. Porosity, water absorption and density
The porosity, water absorption and density of cement paste and
cement nanocomposite containing NC and CNC are shown in
Table 5. It is noticed that the addition of CNC or NC decreases the
porosity and water absorption of these cement nanocomposites
when compared to control cement paste. In CNCC1 cement nano-
composite, the porosity and water absorption decreased by 31.2%
and 34%, respectively compared to cement paste. This indicates that
1 wt% CNC has a filling effect in the porosity of cement nano-
composite. This result is in agreement with the work done by Jo
et al. [15] where the porosity of cement mortar is decreased by the
addition of nano-SiO2 particles. Supit and Shaikh [33] reported that
the addition of 2 wt% nano-silica significantly reduced the porosity
of high volume fly ash (HVFA) concrete. Furthermore, In Table 5, the
addition of 1 wt% CNC increased the density of control cement
paste from 1.76 to 1.93 g/cm3, about 9.7% increase. This improve-
ment demonstrates that cement nanocomposite with 1 wt% CNC
yields consolidated denser microstructure. However, further addi-
tion of CNC or NC leads to an increase in porosity and water ab-
sorption and a decrease in density. This could be attributed to the
poor dispersion and agglomerations of the high CNC or NC contents
which create more voids in the matrix [3,34].
Fig. 6. TGA curves of cement paste (C) and cement nanocomposite: CNCC1, CNCC2, CNCC3 and NCC1.
Table 4
Calculation of Ca(OH)2 content in cement paste and cement nanocomposite con-
taining 1, 2 and 3 wt% CNC and 1 wt% NC by QXDA and TGA techniques.
Sample TGA (wt %) QXRD (wt %) Difference (wt %)
C 15.5 16.8 1.3
CNCC1 10.7 12.1 1.4
CNCC2 12.1 13.2 1.1
CNCC3 13.0 14.1 1.1
NCC1 12.3 13.8 1.5
Table 5
Porosity, density and water absorption values for cement paste (C), (NCC) cement
nanocomposite containing NC and (CNCC) cement nanocomposite containing CNC.
Sample Porosity (%) Density (g/cm3) Water absorption (%)
C 23.9 1.76 13.4
NCC1 18.7 1.87 10.2
NCC2 19.6 1.78 11.0
NCC3 19.9 1.76 11.3
CNCC1 16.5 1.93 8.9
CNCC2 17.6 1.91 9.6
CNCC3 18.9 1.85 10.3
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SEM examinations of the microstructure of cement paste,
CNCC1 and CNCC3 cement nanocomposite are shown in Fig. 7aec.
For cement paste, Fig. 7a shows more Ca(OH)2 crystals and Ettrin-
gite as well as more pores which revealed a weak structure. Fig. 7b
shows the SEM micrograph of CNCC1, which is different from that
of cement paste, the structure is dense and compact with few pores
and more CeSeH gel. On the other hand, in Fig. 7c, the CNCC3
shows more pores than CNCC1which relatively weaken the
structure.
3.3. Mechanical properties
3.3.1. Compressive strength
The compressive strength of the cement paste, cement nano-
composite containing NCC and CNCC are presented in Fig. 8. It can
be noticed from results in Fig. 8 that the addition of NC and CNC to
cement paste increases the compressive strength of all cement
nanocomposite pastes. For instance, the cement nanocomposite
containing 1 wt% CNC exhibited an enhancement in the compres-
sive strength from 53.1 to 74.2 MPa or 40% increase, whereas in the
cement nanocomposite containing 1 wt% NC, the compressive
strength reached 69.8 MPa. The increase in compressive strength of
cement nanocomposite containing 1 wt % CNC is due to amorphous
state of CNC (i.e. small particle size) and extremely large surface
area, in which the CNC reacts more quickly with free lime in the
hydration reaction than NC and subsequently produced more sec-
ondary CeSeH gel and filled the capillary pores in the matrix
efficiently [2,35]. Thus the microstructure of the matrix is densified
by the nanoparticles. Chang [36] reported that the addition of
0.6 wt% nano-montmorillonite into cement paste increased
compressive at age of 56 days from 46 to 52.1 MPa (i.e. 13.2% in-
creases) compared to the cement paste. Li et al. [37] noticed 26%
improvement in 28 days compressive strength of cement mortar
containing 3% nano silica. Despite benefits of CNC and NC, it is
important to note that the nanoparticles have a tendency to
agglomerate when using at high content (i.e. more 3 wt% CNC) in
the mixes [3,38]. This aggregation forms weak zones and conse-
quently prevents the formation of homogenous hydrate micro-
structure. Therefore, the appropriate proportion of CNC content
should be taken into account.
3.3.2. Flexural strength
Flexural strengths of cement paste, cement nanocomposite
containing NC and CNC are shown in Fig. 9. Overall, the incorpo-
ration of CNC or NC into the cement matrix led to significant
enhancement in the flexural strength of all cement nano-
composites. The flexural strength of cement nanocomposite con-
taining 1, 2 and 3 wt% CNC is increased by 42.9%, 34.8% and 30.6%,
respectively compared to cement paste. While the flexural strength
Fig. 7. SEM micrographs of: (a) cement paste, cement nanocomposite containing: (b) 1 wt% CNC, (c) 3 wt% CNC. Numbers indicate to: 1 ¼ [Ca(OH)2] crystals, 2 ¼ Ettringite,
3 ¼ pores, 4 ¼ CeSeH gel.
Fig. 8. Compressive strength as a function of calcined nanoclay (or nanoclay) content
for cement paste and cement nanocomposite.
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of cement nanocomposite containing 1, 2 and 3 wt% NC is increased
by 32.1%, 29.3% and 24.7% respectively compared to cement paste.
This improvement clearly indicates the effectiveness of CNC in
consuming calcium hydroxide (CH), supporting pozzolanic reaction
and filling the micro pores in the matrix [2,38]. Thus the micro-
structure of cement nanocomposite is denser than the cement
matrix, especially in the case of using 1 wt% CNC, which is evident
from its higher flexural strength. Hosseini et al. [39] studied the
effect of nanoclay (Cloisite15A) on the mechanical properties of
cement mortar at 28 days with water/binder ratio of 0.4. They re-
ported that addition of 1 wt% nanoclay improved the flexural
strength from 7.0 to 9.1 MPa, about 30% increase. Qing et al. [13]
studied the influence of 3 wt% nano-SiO2 (NS) addition on prop-
erties of hardened cement paste. They observed that the flexural
strength increased by about 72% compared to control cement ma-
trix. They attributed this improvement to the pozzolanic and filler
effects of nano-SiO2 particles.
However, the addition of more than 1 wt% CNC caused a marked
reduction in the flexural strength. This could be attributed to the
relatively poor dispersion and agglomerations of the CNC in the
cement matrix at higher CNC contents, which create weak zones, in
the form of micro-voids which cause stress concentration [2,40].
Moreover, the addition of more CNC (i.e. 2 wt%) led to a significant
reduction in the flexural strength due to an increase in porosity.
Nevertheless the addition of CNC improved the flexural strength of
cement nanocomposite. For example, in this study, although the
flexural strength of cement nanocomposite with 3 wt% CNC
decreased compared to cement nanocomposite with 1 wt% CNC but
it is still higher than the control cement paste.
3.3.3. Fracture toughness
Fracture toughness of cement paste and cement nanocomposite
containing NCC and CNCC are shown in Fig. 10. As shown in Fig. 10,
the fracture toughness of cement nanocomposite containing 1, 2
and 3 wt% CNC were 0.49, 0.47 and 0.44 MPa m1/2, respectively. It
can be seen that the fracture toughness of CNCC1 cement nano-
composite is increased by 40% compared to cement paste. This is
attributed to the fact that the CNC modified the matrix through
pozzolanic reaction and reduced the Ca(OH)2 content. Alamri and
Low [41] reported that the addition of 1 wt% halloysite nanotubes
(HNTs) into epoxy matrix significantly increased the fracture
toughness from 0.85 to 1.33 MPa m1/2 (i.e. by 56.5%) compared to
epoxy matrix. However, facture toughness of CNCC cement nano-
composite gradually decreased when CNC contents are increased
after the optimum content of 1 wt%. This is attributed to the poor
dispersion of high content of CNC into the matrix, which leads to
increase in porosity [4,42].
3.3.4. Impact strength
The impact strength is defined as the ability of the material to
withstand impact loading [43]. The impact strengths of cement
paste and cement nanocomposite containing NCC and CNCC are
shown in Table 6. Generally, it can be seen that the impact strength
of cement paste is significantly improved due to the addition of CNC
or NC. The impact strength of NCC1 cement nanocomposite is
3.1 kJ/m2, about 29.4% increase compared to the cement paste.
While the impact strength of CNCC1 cement nanocomposite is
3.2 kJ/m2, about 33.6% increase compared to cement paste. Alamri
and Low [44] reported that the addition of 5 wt% nanoclay to epoxy
matrix increased the impact strength from 5.6 to 7.8 kJ/m2 about
39.3% increase compared to epoxy matrix. However, as CNC loading
increased after the optimum content of 1 wt% the impact strength
is decreased. For example, the impact strength of CNCC3 cement
nanocomposite was 3.1 kJ/m2, about 4% decrease compared to
CNCC1 cement nanocomposite. This reduction in impact strength at
higher CNC loading was due to the formation of CNC agglomerates
and voids which led to weaken nanocomposite [3].
3.3.5. Rockwell hardness
The Rockwell hardness of cement paste and cement nano-
composite containing NCC and CNCC are shown in Table 6. Gener-
ally, the addition of CNC or NC into the cement matrix led to
significant enhancement in the Rockwell hardness of all cement
nanocomposites. As shown in Table 6 the Rockwell hardness of
cement nanocomposite containing 1, 2 and 3 wt% CNC were 91.3,
89.0 and 86.3 HRH, respectively, which corresponds to about 31.1%,
27.7% and 23.9%, respectively increase compared to cement paste.
While the Rockwell hardness of cement nanocomposite containing
Fig. 9. Flexural strength as a function of calcined nanoclay (or nanoclay) content for
cement paste and cement nanocomposite.
Fig. 10. Fracture toughness as a function of calcined nanoclay (or nanoclay) content for
cement paste and cement nanocomposite.
Table 6
Impact strength and Rockwell hardness values for cement paste (C), (NCC) cement
nanocomposite containing NC and (CNCC) cement nanocomposite containing CNC.
Sample Impact strength (kJ/m2) Rockwell hardness (HRH)
C 2.38 ± 0.06 70 ± 1
NCC1 3.08 ± 0.15 87 ± 2
NCC2 3.01 ± 0.11 84 ± 1
NCC3 2.92 ± 0.08 83 ± 1
CNCC1 3.18 ± 0.05 91 ± 1
CNCC2 3.14 ± 0.08 89 ± 1
CNCC3 3.05 ± 0.14 86 ± 2
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1, 2 and 3 wt% NC is increased by 25.3%, 21.0% and 18.6% respec-
tively compared to the cement paste. This improvement demon-
strates that the microstructure of cement nanocomposite is denser
than the cement matrix, especially in the case of using 1 wt% CNC.
That is because of the efficiency of CNC in promoting pozzolanic
reaction and filling effect [3,45,46]. In an analogous research, Gupta
et al. [47] reported that the hardness number (HRH) of the
FeeAl2O3 metal matrix nanocomposite was much higher in com-
parison to the cast iron specimen. However, the addition of high
CNC or NC contents e.g. 3% did not show any improvement in the
hardness when compared to 1 wt% CNC [4].
3.4. Thermal stability
Weight loss (%) curves of cement paste and cement nano-
composite containing CNCC and NCC1 are shown in Fig. 11. The char
yields at different temperatures are summarized in Table 7. The TGA
analysis shows three distinct stages of decomposition in these
samples. The first stage of decomposition is between room tem-
perature and 230 C, which may be related to the decomposition of
Ettringite and dehydration of CeSeH gel (loss of water). The second
stage of decomposition is between 400 C and 510 C, which cor-
responds to Ca(OH)2 decomposition. The third stage of decompo-
sition is between 670 C and 780 C, which correspond to CaCO3
decomposition [48,49]. In the first stage, generally all cement
nanocomposites exhibited slightly better thermal stability than
cement paste due to higher resistance of CNC or NC to decompo-
sition [3,5]. Concerning the cement nanocomposite containing
CNCC in second and third stage, the CNCC1 cement nanocomposite
shows better thermal stability than CNCC2, CNCC3 and NCC1
cement nanocomposite due to dense and compact nanocomposite
through consumption of calcium hydroxide and formation of sec-
ondary CSH gels during pozzolanic reaction [28]. In contrast, NCC1
cement nanocomposite shows lower thermal stability than CNCC2
cement nanocomposite but slightly higher than CNCC3 cement
nanocomposite. This result confirms that slightly poor pozzolanic
reaction has occurred and hence this NCC1 nanocomposite is less
dense when compared to CNCC1 and CNCC2 cement nano-
composites. From Table 7 at 1000 C, the char residue of cement
paste, CNCC1, CNCC2 and CNCC3 cement nanocomposite was about
74.6, 77.1, 76.7 and 75.9 wt%, respectively. It can be seen that the
CNCC1 cement nanocomposite performed better in thermal sta-
bility with higher char residue of about 3.3% and 1.5% more than
cement paste and CNCC3 cement nanocomposite, respectively. In a
similar study, Chen et al. [50] reported that addition of 10 wt%
nano-TiO2 into cement paste improved the thermal stability of
cement nanocomposite considerably.
4. Cost-benefit analysis and applications
There is a huge optimism on the use of nanomaterials in con-
struction and building applications although the nanoparticles are
expensive and could limit their applications [1,51]. However,
nanoparticles exhibit unique characteristics which result in new
generation of concrete that is stronger and more durable [52]. With
progress of manufacturing technologies the cost of nanoparticles is
also expected to drop in future. Moreover, the nanoparticles are
used in very small amount in the concrete or other cementitious
nanocomposites. For example, in this study 1 wt% calcined nano-
clay in cement nanocomposite led significant improvement in
mechanical properties. From economic point of view, the addition
of 1% calcined nanoclay in cement nanocomposite will not add any
significant cost but improved the mechanical properties by about
40%. Shaikh and Supit [28] stated that although the use of nano-
CaCO3 was first considered as filler to partially replace cement or
gypsum, some studies have shown advantages of using 1% nano-
CaCO3 nanoparticles in terms of compressive strength, accelerating
Fig. 11. Weight loss (%) curves by TGA of cement paste (C) and cement nanocomposite: CNCC1, CNCC2, CNCC3 and NCC1.
Table 7
Thermal properties of cement paste (C) and cement nanocomposite containing 1, 2 and 3 wt% CNC and cement nanocomposite containing 1 wt% NC.
Sample Char yield (%) at different temperature (C)
100 200 300 400 500 600 700 800 900 1000
C 95.82 88.82 86.03 83.57 79.57 78.44 76.37 75.69 75.09 74.61
CNCC1 96.19 89.32 86.83 84.88 81.75 80.86 79.01 78.33 77.61 77.10
CNCC2 96.02 89.20 86.59 84.57 81.04 80.09 78.51 77.86 77.18 76.67
CNCC3 95.82 88.82 86.03 83.96 80.03 79.02 77.60 77.05 76.45 75.93
NCC1 95.72 89.10 86.37 83.96 80.56 79.60 78.12 77.49 76.85 76.35
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effect and economic benefits as compared to cement and other
supplementary cementitious materials.
5. Conclusions
The influence of nanoclay (NC) and calcined nanoclay (CNC) on
the microstructures, mechanical and thermal properties of cement
nanocomposite has been presented. Results of the combination of
QXDA and TGA techniques indicate that TGA is at least as good as
QXDA for quantifying the amount of Ca(OH)2. The optimum content
of CNC was found to be 1 wt%. The cement nanocomposite con-
taining 1 wt% CNC decreased the porosity (by 31.2%), water ab-
sorption (by 34%) and increased the density (by 9.7%), compressive
strength (by 40%) flexural strength (by 42.9%), fracture toughness
(by 40%), impact strength (by 33.6%) and Rockwell hardness (by
31.1%) as well as improved thermal stability (by 3.3%) compared to
the control cement paste. The microstructural analysis such as
QXDA and SEM showed that the addition of 1 wt% CNC in cement
matrix enhanced the microstructure of cement nanocomposite
through the filler and pozzolanic reaction effects. However, the
addition of more NC or CNC (beyond 1 wt %) into cement nano-
composite adversely affected the mechanical and thermal proper-
ties. In fact, it could be recommended that much research is needed
to overcome the agglomerations of NC or CNC and identify the best
method of mixing which leads to good dispersion of CNC in the
matrix.
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h i g h l i g h t s
 Synthesis of treated hemp fabric reinforced nanoclay–cement nanocomposites.
 The optimum hemp fabric content was 6.9 wt% (i.e. 6 fabric layers).
 Treated hemp fabric reinforced cement composites exhibited the highest strength.
 Addition of 1 wt% calcined nanoclay imparted the optimum strength and toughness.
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a b s t r a c t
The influence of calcined nanoclay (CNC) and chemical treatment on the microstructure and mechanical
properties of treated hemp fabric-reinforced cement nanocomposites has been investigated. The
optimum hemp fabric content for these nanocomposites is 6.9 wt% (i.e. 6 fabric layers). Alkali-treated
hemp fabric-reinforced cement composites exhibit the highest flexural strength when compared to their
non-treated counterparts. In addition, mechanical properties are improved as a result of CNC addition. An
optimum replacement of ordinary Portland cement with 1 wt% CNC is observed through reduced porosity
and increased density, flexural strength and fracture toughness in treated hemp fabric-reinforced
nanocomposite. It is shown that CNC behaves not only as a filler to improve the microstructure, but also
as the activator to facilitate the pozzolanic reaction and thus improved the adhesion between the treated
hemp fabric and the matrix.
Crown Copyright  2015 Published by Elsevier Ltd. All rights reserved.
1. Introduction
Nowadays, nanotechnology is one of the most active research
areas in civil engineering and construction materials [1,2].
Nanoparticles are used in polymer, ceramic and construction mate-
rials in order to produce composites that exhibit superior physical
and mechanical properties [3,4]. In the construction industry, sev-
eral types of nanomaterials have been incorporated into concrete
such as nano-SiO2, nano-Al2O3, nano-Fe2O3, nano-ZnO2,
nano-CaCO3, nano-TiO2, carbon nanotubes and nano-metakaolin
in order to improve the durability and mechanical properties of
concrete and Portland cement matrix [5–7]. Qing et al. [8] reported
that the addition of 5 wt% nano-SiO2 into cement paste increased
the compressive and flexural strength significantly. Nanoclay
(NC) is a new generation of processed clay for a wide range of
high-performance cement nanocomposite. Some examples of nan-
oclay are nano-halloysite, nano-cloisite 30B and nano-kaolin [2,9].
As a kind of nano-pozzolanic material, nanoclay not only reduces
the pore size and porosity of the cement matrix, but also improves
the strength of cement matrix through pozzolanic reactions [10].
Farzadnia et al. [11] reported that incorporation of 3 wt% halloysite
nanoclay into cement mortars increased the 28-day compressive
strength up to 24% increase compared to the control samples.
Calcined nanoclay is prepared by heating nanoclay at elevated
temperature to transform it into an amorphous state which then
becomes highly reactive similar to artificial pozzolan such as silica
fume, metakaolin, nano-SiO2, and nano-metakaolin [5,12,13].
Recently, natural fibres are gaining increasing popularity to
develop ‘environmental-friendly construction materials’ as alter-
native to synthetic fibres in fibre-reinforced concrete [14–16].
Natural and cellulose fibres have been used in polymer and cement
matrices to improve their tensile/flexural strength and fracture
http://dx.doi.org/10.1016/j.conbuildmat.2015.07.145
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resistance properties [17,18]. They are cheaper, biodegradable and
lighter than synthetic fibres. Some examples of natural fibres are:
sisal, flax, hemp, bamboo and others [19–21]. Some researchers
have shown that pre-treatments of natural fibre surfaces either
via pulping processes such as the Kraft process or some chemical
agents such as alkalization, PEI (polyethylene imine), Ca(OH)2
and CaCl2 have slightly improved the interfacial bond strength
between natural fibres and the matrix of the eco-composites. As
a result, the mechanical properties of such materials are enhanced
[22–24]. Troedec et al. [25] reported that the modification of hemp
fibres with NaOH has improved the interfacial bonding between
the fibres and the lime-based mineral matrix (mortar).
On the other hand, one of the most effective techniques to
obtain a high performance cementitious composite is by reinforce-
ment with textile fabric, which is impregnated with cement paste
or mortar. Synthetic textile fabrics such as polyethylene (PE) and
polypropylene (PP) have been used as reinforcement for cement
composites, in which the fabrics are made of multi-filaments.
When compared to continuous or short fibres, this system has
superior filament-matrix bonding which improves the tensile and
flexural strength [26–29]. The use of natural fibre sheets and
fabrics is more prevalent in polymer matrix when compared to
cement-based matrix [30].
However, the interfacial bonding between the natural fibre and
the cement matrix is relatively weak and also the degradation of
fibres in a high alkaline environment of cement can adversely
affect the mechanical and durability properties of natural fibre
reinforced cement composites [31]. Much research is clearly
needed to overcome these problems [32]. However, little or no
research has reported on the combined use of calcined nanoclay
(CNC) and hemp fabrics as hybrid reinforcement in
cement-composites. In this paper, we report the use of CNC in
hemp fibre-reinforced cement composite in an attempt to over-
come the above-mentioned disadvantages of hemp fibres in
cementitious composites. The effect of CNC on the microstructural
and mechanical properties of chemically-treated hemp
fabric-reinforced cement composite is also studied.
2. Experimental procedure
2.1. Materials
The nanoclay (Cloisite 30B) used in this investigation is a natural montmoril-
lonite (Ca, Na)0.3Al2(Si, Al)4O10(OH)2xH2O) modified with a quaternary ammonium
salt which was supplied by Southern Clay Products, USA. The specification and
physical properties of Cloisite 30B are outlined in Table 1. The hemp fabric was sup-
plied by Hemp Wholesale Australia Pty. Kalamunda, Western Australia. The physi-
cal properties and characteristics of hemp fabric are shown in Table 2. The chemical
composition of hemp fabric is given as 58.7 wt% of cellulose residue, 16.8 wt% of
pectins, 14.2 wt% of hemicelluloses, 6 wt% of lignins and 4.3 wt% of waxes and
fat. Ordinary Portland cement (ASTM Type I) was used in all mixes.
2.2. Thermal treatment of nanoclay
Calcined nanoclay (CNC) was prepared by heating the nanoclay at 800, 850 and
900 C for 2 h in an electric furnace with a heating rate of 10 C/min. The calcined
nanoclay was then characterised by XRD and TEM in order to determine its phase
composition and microstructure.
2.3. Chemical treatment of hemp fabric
The surface modification of hemp fibres was treated by immersing the fabric in
1.7 M NaOH solution (pH = 14) for 48 h at 25 C, followed by neutralization with
1 vol% acetic acid. They were then washed several times with deionized water until
the pH reached between 6.8 and 7.2. Finally the treated fabric was dried in an oven
at 40 C for 24 h.
2.4. Sample preparation
2.4.1. Untreated and treated hemp fabric-reinforced cement composites
The cement paste (C) was prepared through adding water (W) with W/C ratio of
0.485. The fabrication of untreated hemp fabric-reinforced cement composite
(UHFRC) samples was done in two stages. In the first stage, the hemp fabric
(295 mm in length and 65 mm in width) was first soaked into the cement matrix
in order to achieve better penetration of matrix into the openings of the fabric.
Then layers of pre-soaked hemp fabric were laid on a polished timber plate. The
compacted layers of fabric were then left under a 30 kg weight (or 4.9 kPa compres-
sive pressure) for 1 h to reduce the air bubbles and voids which might otherwise be
trapped inside the samples. This step is essential to ensure better penetration of the
cement matrix into the filaments of the hemp fabric and thus improves the interfa-
cial bonding between the fibre and the matrix. In the second stage, a thin layer of
cement matrix was first poured into the prismatic mould followed by the
compacted pre-soaked hemp fabrics. Finally a thin layer of matrix was poured into
the mould to form the upper layer and the samples were left to cure for 24 h at
room temperature. Samples of un-treated hemp fabric-reinforced cement compos-
ites were fabricated with various contents of hemp fabric: 4.5 wt% (4 layers of
fabric), 5.7 wt% (5 layers of fabric), 6.9 wt% (6 layers of fabric) and 8.1 wt% (7 layers
of fabric). For the fabrication of treated hemp fabric-reinforced cement composite
(6THFRC) samples, only 6 layers of treated hemp fabric were used because they
have been shown to exhibit the best mechanical performance. The fabrication
procedure of 6THFRC was similar to that of UHFRC described above.
2.4.2. Nanocomposites
The ordinary Portland cement (OPC) was partially substituted by calcined
nanoclay (CNC) of 1%, 2% and 3% by weight of OPC. The OPC and CNC were first
dry mixed for 5 min in a Hobart mixer at low speed and then mixed for another
10 min at high speed until a uniform mixture was achieved. The cement–nanocom-
posite paste was prepared through adding water with a water/binder (calcined
nanoclay–cement) ratio of 0.485. The nanocomposite containing 1, 2 and 3 wt%
CNC was termed as CNCC1, CNCC2 and CNCC3, respectively. The cement paste with-
out CNC was considered as a control.
2.4.3. Treated hemp fabric-reinforced nanocomposites
Only 6 layers of treated hemp fabric were used to reinforce the nanocomposite
matrix. The fabrication steps were similar to that of UHFRC described before. The
treated hemp fabric-reinforced nanocomposite containing 1, 2 and 3 wt% calcined
nanoclay was termed as 6THFR-CNCC1, 6THFR-CNCC2 and 6THFR-CNCC3, respec-
tively. The total amount of treated hemp fabric in each specimen was about
6.9 wt%. The mix proportions are given in Table 3.
2.4.4. Curing and specimens
For each series, five prismatic plate specimens of length 300 mm, width 70 mm
and depth 10 mmwere cast. All specimens were demolded after 24 h of casting and
kept under water for approximately 56 days. Five rectangular specimens of each
series with dimensions of 70 mm (length) by 20 mm (width) by10 mm (depth)
were cut for mechanical and physical tests.
Table 1
Physical properties of the nanoclay platelets (Cloisite 30B).
Physical properties
Colour Off white
Density (g/cm3) 1.98
d-spacing (001) (nm) 1.85
Aspect ratio 200–1000
Surface area (m2/g) 750
Mean particle size (lm) 6
Table 2
Properties and characteristics of hemp fabric.
Fabric thickness (mm) 0.54
Fabric geometry Woven (plain weave)
Yarn nature Bundle
Fibre (Filament) size (mm) 0.04253
Number of filaments in a bundle 40
Bundle diameter (mm) 0.27
Opening size (mm) 0.3
Fabric Density (g/cm3) 1.37
Modulus of elasticity (GPa) 38–58
Tensile strength (MPa) 591–857
Water absorption % 85.42
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2.5. Characterisation
2.5.1. High resolution transmission electron microscopy (HRTEM)
High resolution transmission electron microscopy imaging of powder
specimens was done using 3000F (JEOL company) operating at 300 kV equipped
with a 4  4 k CCD camera (Gatan). Nanoclay and calcined nanoclay powders were
dispersed in ethanol inside small glass container by using ultrasonic device for
15 min. After that few drops of suspension were mounted onto copper grid and
then kept to dry for 24 h at room temperature.
2.5.2. The Quantitative X-ray Diffraction Analysis (QXDA)
XRD patterns were obtained using Cu Ka (k = 1.5406 Å) radiation with a Bruker
D8 Advance diffractometer equipped with a LynxEye detector (1-dimensional
detector, Bruker-AXS, Karlsruhe, Germany). The diffractometer was scanned from
7 to 70 (2h) in step size of 0.015 and the counting time per step was 1.8 s. The
Quantitative X-ray Diffraction Analysis (QXDA) with Rietveld refinement was done
with Bruker DIFFRACplus TOPAS 4.2 software associated with the International
Centre for Diffraction Data PDF-4 2013 database. The samples for QXDA were
prepared by mixing a dry weight of 3.0 g of cement paste or nanocomposite paste
with 0.33 g of corundum [Al2O3] as an internal standard [33–36].
2.5.3. Scanning electron microscopy (SEM)
Scanning electron microscopy was conducted using a NEON 40ESB, ZEISS to
observe the microstructures and the fractured surfaces of samples. Specimens were
coated with a thin layer of platinum before observation to avoid charging.
2.6. Physical properties
Prior to measuring the porosity and density, the samples were dried in an oven
at 80 C for 24 h to obtain the dried mass. The values of porosity and density were
calculated according to ASTM C20 [37].
2.7. Mechanical properties
Five specimens, measuring 70 mm (length)  20 mm (width)  10 mm (depth)
in each composition were used to measure the mechanical properties. Three-point
bend tests were conducted using a LLOYD Material Testing Machine to evaluate the
flexural strength of the composites. The support span used was 40 mm with a
displacement rate of 0.5 mm/min. The flexural strength (rF) was evaluated using
the following equation [16,26]
rF ¼ 3PmS
2BW2
ð1Þ
where Pm is the maximum load, S is the span of the sample,W is the specimen depth
and B is the specimen width.
In order to determine the fracture toughness, a sharp razor blade was used to
initiate a sharp crack in the samples. The ratio of crack length to depth aW
 
was
about 1/3 (i.e. about 0.33), in which the crack length was about 3.3 mm. The
fracture toughness was calculated using the following equation [38,39]:
KIC ¼ pmS
BW3=2
f
a
W
 
ð2aÞ
where a is the crack length (mm) and f aW
 
is the polynomial geometrical correction
factor given by:
f
a
W
 
¼ 3ða=WÞ
1=2½1:99 ða=WÞð1 a=WÞ  ð2:15 3:93a=W þ 2:7a2=W2Þ
2ð1þ 2a=WÞð1 a=WÞ3=2
ð2bÞ
3. Results and discussion
3.1. Characterisation
3.1.1. Effect of thermal treatment on nanoclay microstructure
3.1.1.1. XRD analysis of calcined nanoclay. Fig. 1(a–d) shows the XRD
patterns of as-received nanoclay and calcined nanoclay at 800, 850
and 900 C for 2 h, respectively. Four phases have been indexed in
the diffraction pattern of nanoclay (Fig. 1a) with the major phase
being Montmorillonite [(Ca, Na)0.3Al2(Si, Al)4O10(OH)2xH2O] (PDF
00052039), and minor phases of Cristobalite [SiO2] (PDF
000391425), Quartz [SiO2](PDF 000470718) and the quaternary
ammonium salt (PDF 000571718). Montmorillonite has five major
peaks in the XRD pattern that correspond to 2h of 4.84, 19.74,
35.12, 53.98 and 61.80. Each of Cristobalite and Quartz has a
peak that corresponds to 2h of 21.99 and 26.61 respectively.
The quaternary ammonium salt has four peaks that correspond
to 2h of 4.84, 9.55, 24.42 and 29.49. Note that there was an
overlap of peaks at 2h of 4.84 for Montmorillonite and quaternary
ammonium salt. However these peaks disappeared after calcina-
tion due to the decomposition of the latter in calcined nanoclay.
In Fig. 1(b and c), the diffraction peaks of calcined nanoclay at
800 and 850 C are related to heated-Montmorillonite
[NaMgAlSi4O11] (PDF 000070304). After calcination at 800 C
(Fig. 1b), the basal spacing of Montmorillonite collapsed from
1.85 nm to 0.97 nm (2h of 4.84–9.13) due to dehydration and
dehydroxylation. The two new diffraction peaks that appeared at
2h of 18.47 and 27.87 (Fig. 1b) correspond to the formation of
NaMgAlSi4O11. The initial transformation process of nanoclay was
mainly due to the dehydration and dehydroxylation of montmoril-
lonite clay. After further calcination at 850 C (Fig. 1c) the basal
spacing of Montmorillonite collapsed further to 0.96 nm. Finally,
the peaks belonging to NaMgAlSi4O11 disappeared completely at
900 C due to the destruction of its platelets and the concomitant
formation of an amorphous phase of alumino-silicate (Fig. 1d).
3.1.1.2. High resolution transmission electron microscopy (HRTEM) of
calcined nanoclay. HRTEM images of nanoclay (Cloisite 30B) are
shown in Fig. 2(a and b). The lower magnification image in
Fig. 2a gives a general view of the nanoclay platelets. The high
magnification image in Fig. 2b shows the layer structure of
Table 3
Mixing proportions of specimens.
Sample Hemp fabric (HF) Mix proportions (wt%)
Content
(wt%)
Fabric
layers
Cement CNC Water/
binder
C 0 0 100 0 0.485
4UHFRC 4.5 4 100 0 0.485
5UHFRC 5.7 5 100 0 0.485
6UHFRC 6.9 6 100 0 0.485
7UHFRC 8.1 7 100 0 0.485
6THFRC 6.9 6 100 0 0.485
CNCC1 0 0 99 1 0.485
CNCC2 0 0 98 2 0.485
CNCC3 0 0 97 3 0.485
6THFR-CNCC1 6.9 6 99 1 0.485
6THFR-CNCC2 6.9 6 98 2 0.485
6THFR-CNCC3 6.9 6 97 3 0.485
Fig. 1. X-ray diffraction patterns of nanoclay and calcined nanoclay.
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platelets. It can be seen clearly that the distances between the
nanoclay platelets were about 1.85 nm and thus this is evidence
that the d-spacing of (001) planes in nanoclay was 1.85 nm as
shown in Table 1 [12]. However, Fig. 2(c and d) shows the
HRTEM images for calcined nanoclay (at 900 C) at low and high
magnification, respectively. At high magnification (Fig. 2d), it can
be seen that many platelets in calcined nanoclay have been
destroyed and broken into nanoparticles with semi-spherical
shapes. The transformation of nanoclay platelets into amorphous
alumino-silicate during calcination was due to: (a) dehydration
and dehydroxylation of montmorillonite clay, (b) decomposition
of quaternary ammonium salt, and (c) phase destruction of
NaMgAlSi4O11. The natural montmorillonite clay [(Ca, Na)0.3
Al2(Si, Al)4O10(OH)2xH2O] has a 2:1 layer crystal structure that
consists of aluminium octahedrons within two silicon tetrahedron
layers. Dehydration can cause the loss of interlayer H2O at low
temperature and dehydroxylation can lead to OH removal from
the octahedral sheets at higher temperatures. He et al. [13] indi-
cated that when montmorillonite nanoclay was calcined at
920 C, it transformed to an amorphous phase of alumino-silicate.
Similarly, Shebl et al. [5] reported that the calcination of montmoril-
lonite nanoclay (Cloisite 30B) at 850 C for 2 h led to transformation
from crystalline nano alumino-silicate into amorphous nano
alumino-silicate.
3.1.2. Effect of chemical treatment on hemp fabric
3.1.2.1. Surface morphology of hemp fabric. SEM micrographs of
un-treated and NaOH-treated hemp fabrics are shown in Fig. 3(a
and b). It is clearly seen that the un-treated fabric had some impu-
rities on its surface (Fig. 3a), which were mostly waxes or fatty
substances. However, after chemical treatment with NaOH solu-
tion (Fig. 3b), it can be seen that the fabric surface became more
uniform due to the removal of these waxes or fatty substances
[40–42].
3.1.2.2. Crystallinity index of hemp fabric. Fig. 4 shows the XRD pat-
terns of un-treated and NaOH-treated hemp fabrics. The X-ray
diffraction patterns of hemp fabric show a typical crystal lattice
of native cellulose (cellulose I). The fibre crystallinity index (CrI)
of hemp fabric was determined by using the equation of the
Segal empirical method [43,44];
CrI ¼ I002  Iam
I002
 100 ð3Þ
where I002 is the maximum intensity of the (002) crystalline peak
and Iam is the minimum intensity of the amorphous material
between (101) and (002) peaks as shown in Fig. 4. The crystallinity
index of un-treated and treated hemp fabric was found to be about
82.6% and 86.2%, respectively. It is clear that the NaOH treatment
had increased the crystallinity index of hemp fabric as a result of
the removal of hemicellulose, pectins, oils and waxes from the sur-
face of hemp fabric [44]. Troedec et al. [41] reported that NaOH
treatment is well-known to bleach and clean the surface of hemp
fibres and to remove amorphous materials such as hemicellulose,
pectins and impurities (fatty substances and waxes) from their
surface. They observed that the cellulose crystallinity index of
un-treated and NaOH treated hemp fibres was increased from 80%
to 86%.
3.1.3. Quantitative X-ray Diffraction Analysis (QXDA) of nano-matrix
The XRD patterns of cement paste and nanocomposites contain-
ing 1, 2 and 3 wt% CNC are shown in Fig. 5(a–d), with Corundum
[Al2O3] (PDF 000461212) as the internal standard. Table 4 shows
the Rietveld quantitative phase analysis of cement paste and
nanocomposites. Three important phases are noticed in this study:
portlandite [Ca(OH)2] (PDF 00-044-1481), tricalcium silicate [C3S]
(00-049-0442) and dicalcium silicate [C2S] (PDF 00-033-0302).
Moreover, four less important phases are also noticed: Ettringite
[Ca6Al2(SO4)3(OH)1226H2O] (PDF 000411451), Gypsum
[Ca(SO4)(H2O)2] (PDF 040154421), Quartz [SiO2](PDF 000461045)
and Calcite [CaCO3](PDF 000050586).
As can be seen from Table 4 and Fig. 5b, the addition of 1 wt%
CNC reduced the amount of Ca(OH)2 from 16.8 wt% to 12.1 wt%,
about 28% reduction when compared to cement paste. Also the
intensities of major peaks of Ca(OH)2 were significantly reduced
when compared to cement paste (Fig. 5b and a). Furthermore,
the amorphous content increased from 70.1 wt% to 74.8 wt%, about
6.7% increase. This indicates an obvious consumption of Ca(OH)2
crystals for the pozzolanic reaction due to the presence of CNC
Fig. 2. TEM images of nanoclay and calcined nanoclay (at 900 C) at low magnification (a and c), and high magnification (b and d).
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and good dispersion of calcined nanoclay in the matrix. As a result
more amorphous calcium silicate hydrate gel (C–S–H) was pro-
duced. This explanation can be confirmed by the inspection of
the amounts of unreacted C3S (2.0 wt%) and C2S (6.6 wt%), in which
the amounts of unreacted C3S and C2S are slightly higher than the
cement paste. Wei et al. [45] reported that pozzolanic reaction
decelerates the hydration reaction of C3S and C2S during the curing
time. In this study, these unreacted C3S and C2S could react with
water later to produce more C–S–H gel after 56 days [36,46].
Recently, Shaikh et al. [47] reported that the quantitative XRD
analysis after 28 days showed that the cement paste containing
2% nano-silica exhibited less calcium hydroxide but more C2S than
the control cement paste.
On the other hand, as can be seen from Table 4 and Fig. 5d for
nanocomposites containing 3 wt% CNC, the amount of Ca(OH)2
was reduced from 16.8 wt% to 14.1 wt%, about 16% reduction when
compared to cement paste. Also the intensities of major peaks of
Ca(OH)2 are slightly decreased when compared to cement paste
(Fig. 5 d and a). But this reduction of amount of Ca(OH)2 is less than
the reduction in nanocomposites containing 1 wt% CNC. Moreover,
the amounts of C3S (1.4 wt%) and C2S (5.4 wt%) are also lower than
nanocomposites containing 1 wt% CNC. This may be attributed to
the agglomeration of CNC at high contents which led to relatively
poor dispersion and hence relatively poor pozzolanic reaction
[2,48].
In summary, it is important to note that the reduction of cal-
cium hydroxide could be attributed to two reasons: (i) increased
pozzolanic reaction from amorphous nanoparticles (i.e. CNC) that
led to more C–S–H gel being produced, and (ii) reduction of the
Fig. 3. SEM images showing the surface structure of: (a) untreated hemp fabric and (b) NaOH-treated hemp fabric.
Fig. 4. X-ray diffraction patterns of untreated hemp fabric and NaOH-treated hemp
fabric.
Fig. 5. XRD patterns of: (a) cement paste, nanocomposites containing various
amounts of calcined nanoclay: (b) 1 wt% (CNCC1), (c) 2 wt% (CNCC2) and (d) 3 wt%
(CNCC3). Legend: 1 = corundum [Al2O3], 2 = portlandite [Ca(OH)2], 3 = tricalcium
silicate [C3S], 4 = dicalcium silicate [C2S], 5 = ettringite, 6 = gypsum, 7 = quartz and
8 = calcite.
Table 4
QXDA results (Phase abundance) by Bruker DIFFRACplus TOPAS 4.2 software for
cement paste and nanocomposites containing 1, 2 and 3 wt% calcined nanoclay.
(Values in parentheses are the estimated standard deviation of the least significant
figure.)
Weight% (Phase abundance)
Phase C CNCC1 CNCC2 CNCC3
Portlandite [Ca(OH)2] 16.8
(6)
12.1
(6)
13.2
(6)
14.1
(6)
Ettringite
[Ca6Al2(SO4)3(OH)1226H2O]
2.0 (3) 1.3 (2) 1.5 (2) 1.8 (3)
Tricalcium silicate [C3S] 1.3 (2) 2.0 (2) 1.7 (2) 1.4 (2)
Dicalcium silicate [C2S] 4.4 (2) 6.6 (3) 6.1 (3) 5.4 (3)
Gypsum [Ca(SO4)(H2O)2] 0.7 (1) 0.4 (1) 0.6 (1) 0.4 (1)
Calcite [CaCO3] 3.7 (3) 2.1 (2) 2.7 (2) 3.3 (2)
Quartz [SiO2] 0.9 (1) 0.6 (1) 0.4 (1) 0.7 (1)
Amorphous content 70.1
(8)
74.8
(7)
73.7
(7)
72.8
(8)
Rwp 5.28 5.22 5.29 5.17
Rexp 3.53 3.54 3.52 3.52
v2 (Rwp/Rexp) 1.50 1.47 1.50 1.47
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hydration reaction rate of the Portland cement components due to
the pozzolanic reaction. As it was found in [45,47] and also in this
study, the effect of enhanced pozzolanic reaction by amorphous
nanoparticles was more dominant than the reduction of the hydra-
tion reaction rate, particularly at the optimum content of nanopar-
ticles with good dispersion.
3.2. Porosity and density
Values of porosity and density of cement paste, un-treated
hemp fabric-reinforced cement composites (UHFRC), 6THFRC com-
posites, nanocomposites and treated hemp fabric-reinforced cal-
cined nanoclay–cement nanocomposites (6THFR-CNCC) are
shown in Table 5. As expected for all UHFRC composites, the poros-
ity increased but density decreased with increasing hemp fabric
content as compared to cement paste [30]. On the other hand, it
can be seen also from Table 4 that the NaOH treatment of hemp
fabric has slightly reduced the porosity and increased the density
of 6THFRC composite when compared to 6UHFRC. For example,
the porosity of 6THFRC composite was reduced from 33.0 to
32.0. This slight improvement could be attributed to reduced voids
in the fibre–matrix interface region after NaOH treatment of hemp
fabric.
Table 5 also shows that the addition of calcined nanoclay
caused a decrease in porosity and an increase in density of
nanocomposites and 6THFR-CNCC nanocomposites when com-
pared to control cement paste and 6THFRC composites. For
nanocomposites with 1 wt% of CNC, the porosity decreased by
31.2% and density increased by 9.7% when compared to cement
paste. Moreover, in treated hemp fabric-reinforced nanocompos-
ites containing 1 wt% of CNC, the porosity decreased by 12.4%
and density increased by 4.5% when compared to 6THFRC compos-
ites. This indicates that CNC has both filling effect and pozzolanic
activity in cement paste composites with or without 6 layers of
treated hemp fabric, in which the nanocomposite matrix becomes
a more dense microstructure due to filling of the micro-pores and
densification by the enhanced pozzolanic activity [49]. Supit and
Shaikh [50] reported that the addition of 2 wt% nano-silica signifi-
cantly reduced the porosity of high volume fly ash (HVFA) con-
crete. However, the addition of more CNC led to increase in
porosity and decrease in density. This could be attributed to the
poor dispersion and agglomeration of CNC which created more
voids in the matrix [2,49].
SEM examinations of the microstructure of control cement
paste, nanocomposites containing 1 wt% and 3 wt% CNC are shown
in Fig. 6(a–c). The SEM micrograph of control cement matrix
(Fig. 6a) shows more Ca(OH)2 crystals (portlandite), Ettringite
and pores when compared to nanocomposites. Fig. 6b shows the
SEM micrograph of nanocomposites containing 1 wt% CNC, where
the microstructure appears denser with fewer pores and more C–
S–H gels than the control cement matrix. On the other hand, the
Table 5
Porosity and density values for cement paste (C), untreated (UHFRC) composites and
6THFRC composites, nanocomposites (CNCC) and treated hemp fabric-reinforced
calcined nanoclay–cement nanocomposites (6THFR-CNCC).
Sample Porosity % Density (g/cm3)
C 23.9 ± 0.5 1.76 ± 0.02
4UHFRC 30.1 ± 0.7 1.61 ± 0.01
5UHFRC 31.2 ± 0.7 1.56 ± 0.03
6UHFRC 33.0 ± 0.4 1.53 ± 0.03
7UHFRC 34.2 ± 0.6 1.51 ± 0.01
6THFRC 32.1 ± 0.8 1.55 ± 0.01
CNCC1 16.5 ± 0.6 1.93 ± 0.01
CNCC2 17.6 ± 0.5 1.91 ± 0.02
CNCC3 18.9 ± 0.6 1.85 ± 0.02
6THFR-CNCC1 28.1 ± 0.5 1.62 ± 0.01
6THFR-CNCC2 29.4 ± 0.8 1.60 ± 0.01
6THFR-CNCC3 30.2 ± 0.7 1.57 ± 0.03
Fig. 6. SEM micrographs of: (a) cement paste, (b) nanocomposites containing 1 wt% calcined nanoclay and (c) nanocomposites containing 3 wt% calcined nanoclay. Legend:
1 = [Ca(OH)2] crystals, 2 = ettringite, 3 = pores and 4 = C–S–H gel.
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nanocomposite containing 3 wt% CNC (Fig. 6c) shows more pores
than 1 wt% CNC nanocomposite. These SEM results confirm the
reduction of portlandite crystals in nanocomposites when com-
pared to cement matrix, thus in agreement with the quantitative
X-ray diffraction results (QXDA) above.
3.3. Mechanical properties
3.3.1. Flexural strength of un-treated and treated hemp fabric-
reinforced cement composites
Values of flexural strength for cement paste, un-treated hemp
fabric-reinforced cement composite (UHFRC) and 6THFRC compos-
ites are shown in Fig. 7. It can be seen that the flexural strengths of
all hemp fabric-reinforced cement composites have significantly
improved when compared to cement paste. This enhancement in
flexural properties can be attributed to the ability of hemp fabric
to withstand the bending force. Peled and Bentur [26] studied
the effect of High Density Polyethylene (HDP) with 8 fabric layers
on the flexural strength of cement composites. They reported that
the flexural strength of HDP fabric-reinforced cement composite
was increased by about 173.7% when compared to control cement
paste.
In this study, the flexural strength was increased with an
increase in fibre content up to the optimum hemp fibre content,
and then decreased after this limit. The optimum hemp fabric con-
tent was found to be 6.9 wt%, in which the flexural strength
increased from 5.4 to 12.6 MPa, about 133% increase when com-
pared to cement paste. However, beyond this optimum content
of hemp fibre, the flexural strength of the UHFRC composites
decreased due to the poor adhesion between the fibres and the
matrix [51]. For example, the flexural strength of 7UHFRC compos-
ites with 8.1 wt% hemp fabric content decreased by about 11.5%
when compared to 6UHFRC composites. In a similar work,
Bentchikou et al. [52] studied recycled cellulose fibres-cement
board with fibre fraction ranged from 0 to 16 wt%. They concluded
that composite with the optimum fibre content (4 wt%) gave the
maximum flexural strength. In addition, Fig. 7 also shows the effect
of NaOH treatment of hemp fabric on the flexural strength of
6THFRC composites. It can be clearly seen that the flexural strength
of 6THFRC composites has increased from 12.6 to 14.5 MPa, about
14.9% increase when compared to 6UHFRC composite. This
improvement may be explained as follows: after NaOH treatment,
most of waxes and fats were removed from the hemp fibre surface,
and the surface became more uniform but rough. Thus, this could
lead to good interfacial bonding between the matrix and the hemp
fibres which serves to enhance the load transfer process at the
interface [53]. Sedan et al. [16] studied the untreated and treated
hemp fibre reinforced cement composites with different fibre vol-
ume fractions of 7, 10, 16 and 20 vol% (w/c = 0.5). They reported
that the flexural strength of NaOH treated hemp fibre reinforced
cement composite with the optimum fibre content of 16 vol%
reached up to 9.5 MPa.
Fig. 7. Flexural strength as a function of hemp fabric content for cement paste,
untreated hemp fabric-reinforced cement composites (UHFRC) and treated hemp
fabric-reinforced composites (6THFRC).
Fig. 8. Flexural strength as a function of calcined nanoclay content for cement paste
and its nanocomposites with and without treated hemp fabric (6THF).
Fig. 9. Stress versus mid-span deflection curves for treated hemp fabric-reinforced
cement composites and treated hemp fabric-reinforced nanocomposites.
Table 6
Fracture toughness values for cement paste (C), untreated (UHFRC) composites and
6THFRC composites, nanocomposites (CNCC) and treated hemp fabric-reinforced
calcined nanoclay–cement nanocomposites (6THFR-CNCC).
Sample Fracture toughness (MPa m1/2)
C 0.35 ± 0.02
4UHFRC 1.07 ± 0.11
5UHFRC 1.26 ± 0.09
6UHFRC 1.41 ± 0.11
7UHFRC 1.23 ± 0.08
6THFRC 1.60 ± 0.10
CNCC1 0.49 ± 0.02
CNCC2 0.47 ± 0.03
CNCC3 0.44 ± 0.03
6THFR-CNCC1 2.21 ± 0.10
6THFR-CNCC2 2.14 ± 0.11
6THFR-CNCC3 2.04 ± 0.09
888 A. Hakamy et al. / Construction and Building Materials 95 (2015) 882–891
171
3.3.2. Flexural strength of treated hemp fabric-reinforced cement
nanocomposites
The flexural strengths of nanocomposites and treated hemp fab-
ric reinforced-nanocomposites are shown in Fig. 8. Overall, the
incorporation of CNC into the cement matrix has led to significant
enhancement in the flexural strengths of all nanocomposites and
treated hemp fabric reinforced nanocomposites. The flexural
strength of nanocomposites containing 1, 2 and 3 wt% CNC
increased by 42.9%, 34.8% and 30.6% respectively when compared
to cement paste. In addition, the flexural strength of treated hemp
fabric reinforced nanocomposites containing 1 wt% CNC
(6THFR-CNCC1) increased from 14.5 to 20.2 MPa, about 38.8%
increase when compared to treated hemp fabric-reinforced com-
posites. This improvement clearly indicates the effectiveness of
CNC in consuming calcium hydroxide (CH), supporting pozzolanic
reaction, and filling the micro pores in the matrix. Thus the
microstructure of nanocomposite matrix was denser than the
cement matrix [54,55]. Consequently, the interfacial bonding of
treated hemp fabric-nanocomposite matrix was mostly improved,
especially in the case of using 1 wt% CNC, as evident from its higher
flexural strength. An analogous research was done by Khorami and
Ganjian [56] where they studied the bagasse fibre-reinforced
cement matrix with fibre content of 4 wt%, and silica fume was
used as 5% replacement for cement. They observed that the flexural
strength increased by about 20% when compared to control
bagasse fibre-reinforced cement matrix. They attributed this
improvement to the Pozzolanic and filler effects of very fine silica
fume particles, which led to enhancement of the bonding strength
between the matrix and fibres. However, the addition of CNC with
more than 1 wt% caused a marked decrease in flexural strength.
This strength reduction could be attributed to relatively poor dis-
persion and agglomeration of the CNC in the cement matrix at
higher CNC contents, which caused an increase in porosity and
led to the poor adhesion between the fibres and the matrix
[2,12,57]. Nevertheless the addition of CNC improved the flexural
strength of treated hemp fabric reinforced cement composites.
For example, in this study, although the flexural strength of com-
posite with 3 wt% CNC was decreased when compared to compos-
ite with 1 wt% CNC but it was still higher than the control
composite.
The stress-midspan deflection curves for treated hemp fabric
reinforced cement composite and treated hemp fabric reinforced
nanocomposites containing 1, 2 and 3 wt% CNC are shown in
Fig. 9. The treated hemp fabric reinforced nanocomposite
Fig. 10. SEM images showing the fracture surfaces of: (a) 6UHFRC composite, (b) 6THFRC composite, (c and d) 6THFR-CNCC1 nanocomposite, and (e and f) 6THFR-CNCC3
nanocomposite.
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containing 1 wt% CNC shows the highest stress. This is due to high
fibre–matrix interfacial bonding, which increases the maximum
load-transfer capacity [2]. On the other hand, the treated hemp
fabric reinforced nanocomposites containing 2 and 3 wt% CNC
and treated hemp fabric reinforced cement composite show low
flexural stress. This could be attributed to the increase in porosity
which reduced the bond strength between the fibres and the
matrix, and thus the load-transfer capacity.
3.3.3. Fracture toughness
Results of fracture toughness for cement paste, untreated hemp
fabric-reinforced cement composites (UHFRC) and treated hemp
fabric-reinforced composites (6THFRC) are shown in Table 6.
Overall, these composites showed significant improvement in frac-
ture toughness. This enhancement can be attributed to fracture
resistance provided by the hemp fabric which resulted in increased
energy dissipation from crack-deflection at the fibre–matrix
interface, fibre-debonding, fibre-bridging, fibre pull-out and
fibre-fracture [58,59]. As such, these composites are likely to exhi-
bit crack-growth resistance or R-curve behaviour in their fracture
resistance due to substantial fibre-bridging at the crack-wake. In
UHFRC composites, the 6UHFRC composite achieved the highest
fracture toughness with improvement reaching up to 303% when
compared to cement paste. However, the increase of the fibre con-
tent beyond the optimum content led to a decrease in fracture
toughness, as indicated by the lower fracture toughness for the
7UHFRC composites. After NaOH treatment, the 6THFRC composite
exhibited 13.5% increase in fracture toughness. This result confirms
that chemical treatment has improved the interfacial bond
between the matrix and the treated hemp fibres. In a similar study,
Li et al. [60] reported that the fracture toughness of treated sisal
textile reinforced vinyl-ester composites increased by 31% when
compared to untreated ones.
Values of fracture toughness for nanocomposites with and
without treated hemp fabrics are also shown in Table 6. The addi-
tion of CNC into treated hemp fabric reinforced nanocomposites
significantly increased the fracture toughness. The fracture tough-
ness of treated hemp fabric reinforced nanocomposites containing
1, 2 and 3 wt% CNC was 2.21, 2.14 and 2.04 MPa m1/2, respectively.
It can again be seen that the fracture toughness of 6THFR-CNCC1
composite was increased by 38.1% which can be attributed to the
fact that CNC modified the matrix through pozzolanic reaction
and reduction of Ca(OH)2 content. Thus, good interfacial bonding
between the nanomatrix and treated hemp fibres was achieved.
In a similar study, Alamri and Low [61] reported that the addition
of 1 wt% halloysite nanotubes (HNTs) into recycled cellulose fibres
(RCF)/epoxy matrix significantly increased the fracture toughness
by 38.8%. However, when the CNC content increased over the opti-
mum content of 1 wt%, the facture toughness of nanocomposites
and treated-hemp fabric-reinforced nanocomposites gradually
decreased. This can be attributed to the poor dispersion of CNC
within the matrix, which leads to an increase in porosity and weak-
ening of the interfacial bond between the fibres and the matrix.
3.3.4. Failure mechanisms
Fig. 10(a–f) shows the SEM micrographs of 6UHFRC composite,
6THFRC composites and treated hemp fabric-reinforced nanocom-
posites containing 1 and 3 wt% CNC. A variety of failure mecha-
nisms such as fibre–matrix interfacial debonding, fibre pull-out,
rupture fibre and matrix fracture are observed. SEM micrographs
of 6UHFRC composite (Fig. 10a) shows relatively poor fibre–matrix
interfaces with small gaps between the fabric layers and the
cement matrix. In contrast, the 6THFRC composite (Fig. 10b) shows
very small gaps between the fabrics and the matrix, which indi-
cates better fibre–matrix interfacial bonding. The images of
6THFR-CNCC1 nanocomposite show good fibre–nanomatrix
interfacial bonding (Fig. 10c) with ruptured fibres (Fig. 10d).
Similarly, there was good adhesion between the fibre and the
matrix in the 6THFR-CNCC3 nanocomposite as evidenced by bro-
ken fibres and debonding of fibres (Fig. 10e and f). Relatively good
adhesion between the fibre and the matrix and fibre ruptures indi-
cates that the fibre–matrix interface in this nanocomposite was
better than the 6THFRC composite (Fig. 10e and b). In addition,
these failure mechanisms of composites are in agreement with
the stress versus mid-span deflection curves (Fig. 9). For example,
6THFR-CNCC1 nanocomposite shows the highest flexural stress
(Fig. 9) which indicates better fibre–nanomatrix interfacial bond-
ing as shown in (Fig. 10c).
4. Conclusions
The influence of calcined nanoclay (CNC) on microstructures
and mechanical properties of treated hemp fabric-reinforced
cement nanocomposite has been presented. The hemp
fabric-reinforced composites were fabricated with fabric loadings
of 4.5, 5.7, 6.9 and 8.1 wt%. The optimum content of hemp fabric
was found to be 6.9 wt% (6 hemp fabric layers). The flexural
strength and fracture toughness of NaOH treated hemp fabric
(6THFRC) composite were improved by 14.9% and 13.5% respec-
tively. The optimum content of CNC was found to be 1 wt%. For
the treated hemp fabric-reinforced nanocomposites containing
1 wt% calcined nanoclay, the porosity was decreased by 12.4%
and properties such as density, flexural strength and fracture
toughness were increased by 4.5%, 38.8% and 38.1% respectively.
The QXDA analysis showed that the addition of 1 wt% CNC in
cement paste reduced the amount of Ca(OH)2 and increased the
amount of C–S–H gel. However, the flexural strength of treated
hemp fabric-reinforced composites was adversely affected when
excess CNC was added.
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a b s t r a c t
Cement nanocomposites reinforced with hemp fabrics and calcined nanoclay (CNC) have been fabricated
and investigated. CNC is prepared by heating nanoclay (Cloisite 30B) at 900 C for 2 h. The influences of
CNC dispersion on the mechanical properties and thermal properties of these composites have been char-
acterized in terms of porosity, density, water absorption, flexural strength, fracture toughness, impact
strength and thermal stability. The microstructure is investigated using Quantitative X-ray Diffraction
Analysis (QXDA) and High Resolution Transmission Electron Microscopy (HRTEM). The effects of alkali
(NaOH) treatment of hemp fabric on the mechanical properties of hemp fabric-reinforced cement com-
posites with different fabric contents of 4.5, 5.7, 6.9 and 8.1 wt% are also investigated. Results show that
the optimum hemp fabric content is 6.9 wt% (i.e. 6 fabric layers). Results also indicated that physical,
mechanical and thermal properties were enhanced due to the addition of CNC into the cement matrix
and the optimum content of CNC was 1 wt%. The treated hemp fabric-reinforced nanocomposites
containing 1 wt% CNC exhibited the highest flexural strength, fracture toughness, impact strength and
thermal stability by virtue of good fibre–matrix interface. This environmentally friendly nanocomposite
can be used for various construction applications such as ceilings and roofs.
Crown Copyright  2015 Published by Elsevier Ltd. All rights reserved.
1. Introduction
Nowadays, nanotechnology is one of the most active research
areas in the civil engineering and construction materials [1–3].
Nanoparticles are used in polymer, ceramic and construction mate-
rials in order to produce composites that exhibit superior physical
and mechanical properties [4,5]. In the construction industry, sev-
eral types of nanomaterials have been incorporated into concretes
such as nano-SiO2, nano-Al2O3, nano-Fe2O3, nano-ZnO2, nano-
CaCO3, nano-TiO2, carbon nanotubes, nano-metakaolin and nano-
ZrO2 in order to improve the durability and mechanical properties
of concrete and Portland cement matrix [6–9]. Supit and Shaikh
[10] reported that the addition of 1% nano-CaCO3 increased the
compressive strength of mortar and concrete significantly.
Recently, natural fibres are gaining increasing popularity to
develop ‘environmental-friendly construction materials’ as alter-
native to synthetic fibres in fibre-reinforced concrete [11–13].
These fibres are cheaper, biodegradable and lighter than their syn-
thetic counterparts. Some examples of natural fibres are: Sisal,
Flax, Hemp, Bamboo, Coir and others [14–16]. Some researchers
have showed that pre-treatments of natural fibre surfaces via some
chemical agents such as alkalization, PEI (polyethylene imine),
Ca(OH)2 and CaCl2 have slightly improved the fibre–matrix inter-
face of the eco-composites. As a result, the mechanical properties
of such composites are enhanced [17,18]. Troe˙dec et al. [19]
reported that the modification of hemp fibres with NaOH has rea-
sonably improved the interfacial bonding between the fibres and
the lime-based mineral matrix. On the other hand, one of the most
effective techniques to obtain a high performance cementitious
composite is by reinforcement with textile (fabrics), which are
impregnated with cement matrix. Synthetic fabrics such as
polyethylene (PE) and polypropylene (PP) have been used as
reinforcement for cement composites. This system has superior fil-
ament-matrix bonding which improves the mechanical properties
such as tensile and flexural strengths than continuous or short
fibres [20–22]. In contrast, the use of natural fibre sheets and fab-
rics is more prevalent in polymer matrix when compared to
cement-based matrix [23].
Despite the advantages of natural fibres and fabrics, there are
still some obstacles which have limited their applications in
cementitious composites. The interfacial bonding between the
http://dx.doi.org/10.1016/j.matdes.2015.05.003
0261-3069/Crown Copyright  2015 Published by Elsevier Ltd. All rights reserved.
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natural fibre and the cement matrix is relatively weak and also the
degradation of fibres in a high alkaline environment of cement can
adversely affect the mechanical and durability properties of natu-
ral fibre reinforced cement composites [24]. Pacheco-Torgal and
Jalali [25] have recently recommended that much research is
needed to overcome these problems.
However, in the construction industry, a combination of eco-
composite materials and nanocomposites could lead to new eco-
nanocomposites which possess superior physical and mechanical
properties. Therefore, little or no research is reported on the com-
bined use of calcined nanoclay (CNC) and treated hemp fabrics as
reinforcement in cement nanocomposites. In this paper, the use
of CNC in treated hemp fibre-reinforced cement composite over-
comes the above disadvantages of hemp fibres in cementitious
composites. Due to calcination the amorphous contents of nano
clay is increased, which later reacted with Ca(OH)2 of the cement
hydration products and formed additional calcium-silica-hydrate
(CSH) gel. The benefit of the use of CNC is two folds. Firstly, it
reduces the alkalinity of the matrix through reducing the
Ca(OH)2. Secondly, the formation of additional CSH improves the
microstructure of the matrix and contributes the bonding between
the matrix and the hemp fabrics. The effect of CNC on the thermal
and mechanical properties of treated hemp fabric-reinforced
cement composite is also studied.
2. Experimental procedure
2.1. Materials
The nanoclay platelets (Cloisite 30B) used in this investigation
is a natural montmorillonite modified with a quaternary ammo-
nium salt, which was supplied by Southern Clay Products, USA.
The specification and physical properties of Cloisite 30B are shown
in Table 1. The woven hemp fabric of 0.54 mm thickness and
0.3 mm opening size between bundles was supplied by Hemp
Wholesale Australia Pty, Kalamunda, Western Australia. The
Hemp fabrics contain 58.7 wt% of cellulose residue, 16.8 wt% of
pectins, 14.2 wt% of hemicelluloses, 6 wt% of lignins and 4.3 wt%
of waxes and fat. Ordinary Portland cement (ASTM Type I) was
used in all mixes.
2.2. Thermal treatment of nanoclay
Calcined nanoclay (CNC) was prepared by heating the nanoclay
at 800, 850 and 900 C for 2 h in an electric furnace with a heating
rate of 10 C/min. The calcined nanoclay was then characterized by
XRD and TEM in order to determine the amorphous phase of cal-
cined nanoclay at calcination temperature.
2.3. Chemical treatment of hemp fabric
In order to treat the surface of the fibres, the hemp fabrics were
immersed in 1.7 M NaOH solution (pH = 14) for 48 h at 25 C and
then neutralized with 1% vol. acetic acid. They were then washed
several times with deionized water until the pH reached about at
7. Finally the fabrics were dried in an oven at 40 C for 24 h.
2.4. Sample preparation
2.4.1. Untreated and treated hemp fabric-reinforced cement
composites
The cement paste was prepared through adding water withW/C
ratio of 0.485. The fabrication of untreated hemp fabric-reinforced
cement composite (UHFRC) specimens was done in two stages. In
the first stage, the hemp fabrics (with dimension of 295 mm in
length and 65 mm in width) were first soaked into the cement
matrix in order to achieve a better penetration of matrix into the
openings of the fabrics. Then the first pre-soaked hemp fabric
was laid on polished timber mould, followed by another layer of
pre-soaked hemp fabric, and so on, depending on the number of
fabric layers. After that, the compacted fabrics were then left under
4.9 kPa compressive pressure (heavy weight 30 kg) for 1 h to
reduce entrapped air inside the specimens. In the second stage, a
thin layer of cement matrix was poured into the prismatic mould
followed by the compacted pre-soaked hemp fabrics into the
mould. Finally a thin layer of matrix was poured into the mould
as upper layer and the specimens were left for 24 h to cure at room
temperature. UHFRC composites are fabricated with different
weight percentages of hemp fabrics of 4.5 wt% (4 layers of fabrics),
5.7 wt% (5 layers of fabrics), 6.9 wt% (6 layers of fabrics) and
8.1 wt% (7 layers of fabrics). For the fabrication of treated hemp
fabric-reinforced cement composite (6THFRC) specimens, only 6
layers of treated hemp fabric was used because 6 layers of hemp
fabric exhibited the best performance among all hemp fabric lay-
ers. The fabrication procedure of 6THFRC is similar to that of
UHFRC described above.
2.4.2. Nanocomposites
Ordinary Portland cement (OPC) is partially substituted by cal-
cined nanoclay (CNC) of 1%, 2% and 3% by weight of OPC. The OPC
and CNC were first dry mixed for 5 min in a Hobart mixer (model
A00) at a low speed (rpm 483) and then mixed for another 10 min
at high speed (rpm 966) until a uniformmixture was achieved. The
cement –nanocomposite paste was prepared through adding water
with a water/binder (calcined nanoclay–cement) ratio of 0.485.
The nanocomposite containing 1, 2 and 3 wt% CNC is termed as
CNCC1, CNCC2 and CNCC3, respectively. The cement paste without
CNC was considered as a control.
2.4.3. Treated hemp fabric-reinforced nanocomposites
Only 6 layers of treated hemp fabrics were used to reinforce the
matrix. The fabrication steps are similar to that of UHFRC described
before. The treated hemp fabric-reinforced nanocomposite con-
taining 1, 2 and 3 wt% CNC is termed as 6THFR-CNCC1, 6THFR-
CNCC2 and 6THFR-CNCC3, respectively. The total amount of trea-
ted hemp fabrics in each specimen was about 6.9 wt%. The mix
proportions are shown in Table 2. The position through the depth
of sample containing 6 layers of treated hemp fabric is shown in
Fig. 1.
2.4.4. Curing and specimens
For each series, five prismatic plate specimens of 300  70 
10 mm in dimension were cast. All specimens were demolded after
24 h of casting and kept under water for approximately 56 days.
Five rectangular specimens of each series with dimensions
70  20  10 mm were cut from the fully cured prismatic plate
for each mechanical and physical test.
Table 1
Physical properties of the nanoclay platelets (Cloisite 30B).
Physical properties of the (Cloisite 30B)
Colour Off white
Density (103 kg/m3) 1.98
d-spacing (001) (nm) 1.85
Aspect ratio 200–1000
Surface area (m2/g) 750
Mean particle size (lm) 6
A. Hakamy et al. /Materials and Design 80 (2015) 70–81 71
177
2.5. Material characterization
2.5.1. High resolution transmission electron microscopy (HRTEM)
High Resolution Transmission electron microscopy imaging was
done using 3000F (JEOL company) operating at 300 kV equipped
with a 4  4 k CCD camera (Gatan). HRTEM was carried out at
University of Western Australia.
2.5.2. The quantitative X-ray diffraction analysis (QXDA)
The samples were measured on a D8 Advance Diffractometer
(Bruker-AXS) using Cu Ka (k = 1.5406 Å) radiation. The diffrac-
tometer were scanned from 7 to 70 (2h) using a scanning rate
of 0.5/min. The Quantitative X-ray Diffraction Analysis (QXDA)
with Rietveld refinement was done with Bruker DIFFRACplus
TOPAS software associated with the International Centre for
Diffraction Data PDF-4 2013 database. Corundum [Al2O3] was cho-
sen to serve as an internal standard [2,26–28]. The samples for
QXDA were prepared by mixing a dry weight of 3.0 g of cement
paste or nanocomposite paste with 0.33 g of Corundum [Al2O3]
as the internal standard [4,29].
2.5.3. Scanning electron microscopy (SEM)
Scanning electron microscopy imaging was obtained using a
NEON 40ESB, ZEISS. The SEM investigation was carried out in detail
on microstructures and the fractured surfaces of samples.
2.5.4. Thermogravimetric analysis (TGA)
The thermal stability of samples was studied by thermo-
gravimetry analysis (TGA). A Mettler Toledo TGA 1 star system
analyser was used for all measurements. Samples with 30 mg were
placed in an alumina crucible and tests were carried out in Argon
atmosphere with a heating rate of 10 C/min from 25 to 1000 C.
2.6. Physical properties
Measurements of bulk density and porosity were conducted to
determine the quality of nanocomposites. Five specimens, measur-
ing 70  20  10 mm, in each composition were used to measure
the physical properties. The calculation for density was carried
out by using the following equation [30]:
q ¼ md
V
ð1Þ
where q = density in (kg/m3), md = mass of the dried sample (kg)
and V = volume of the test specimen (m3).
The apparent porosity PS was calculated using the following
equation [30]:
PS ¼ ms mdms mi  100 ð2Þ
where mi = mass of the sample saturated with and suspended in
water, ms = mass of the sample saturated in air.
For the water absorption test, the produced specimens were
dried at a temperature of 80 C until their mass became constant
and then the mass was weighed (W0). The specimens were then
immersed in clean water at a temperature of 20 C for 48 h. After
the desired immersion period, the specimens were taken out and
wiped quickly with wet cloth, and then the mass was weighed
(W1) immediately. The water absorption (WA) was calculated by
using the formula [31]:
WA ¼W1 W0W0  100 ð3Þ
2.7. Mechanical properties
Five specimens, measuring 70  20  10 mm, in each composi-
tion were used to measure the mechanical properties. The orienta-
tion of the hemp fabrics is horizontal to the direction of the applied
force (Fig. 2). Three-point bend tests were conducted using a
LLOYD Material Testing Machine to evaluate the flexural strength
and fracture toughness of the composites. The support span used
was 40 mm with a displacement rate of 0.5 mm/min. The flexural
strength rF was evaluated using the following equation [12]:
rF ¼ 3PmS
2BW2
ð4Þ
where Pm is the maximum load at crack extension, S is the span of
the sample, W is the specimen depth and B is the specimen width.
In order to determine the fracture toughness, a sharp razor
blade was used to initiate a sharp crack in the samples. The ratio
of crack length to depth aW
 
was about 1/3. The fracture toughness
was calculated using the following equation [32]:
KIC ¼ pmS
BW3=2
f
a
W
 
ð5aÞ
where a is the crack length (mm) and f aW
 
is the polynomial geo-
metrical correction factor given by:
f
a
W
 
¼
3ða=WÞ1=2 1:99 ða=WÞð1 a=WÞ  2:15 3:93a=W þ 2:7a2=W2
 h i
2ð1þ 2a=WÞð1 a=WÞ3=2
ð5bÞ
The impact strength of the composite was determined using,
Zwick Charpy impact tester with 15 J pendulum hammer and
40 mm support span. Un-notched sampled were used to compute
the impact strength using the following formula [5]:
Table 2
Mix proportions of specimens.
Sample Hemp fabric (HF) Mix proportions (wt%)
Content
(wt%)
Fabric
layers
Cement CNC Water/
binder
C 0 0 100 0 0.485
4UHFRC 4.5 4 100 0 0.485
5UHFRC 5.7 5 100 0 0.485
6UHFRC 6.9 6 100 0 0.485
7UHFRC 8.1 7 100 0 0.485
6THFRC 6.9 6 100 0 0.485
CNCC1 0 0 99 1 0.485
CNCC2 0 0 98 2 0.485
CNCC3 0 0 97 3 0.485
6THFR-
CNCC1
6.9 6 99 1 0.485
6THFR-
CNCC2
6.9 6 98 2 0.485
6THFR-
CNCC3
6.9 6 97 3 0.485
Fig. 1. Schematic representation of 6 treated hemp fabric layers position through the depth of sample.
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rI ¼ EA ð6Þ
where E is the impact energy to break a sample with a ligament of
area A.
3. Results and discussion
3.1. Effect of thermal treatment on nanoclay microstructure
(a) XRD analysis of calcined nanoclay
Fig. 3 shows the XRD patterns of nanoclay and those calcined at
800, 850 and 900 C for 2 h, respectively. Curve shows the XRD pat-
terns of nanoclay with wide diffraction peaks and exhibits crys-
talline phase at 2h of 4.82 which indicates the presence of the
ammonium salt and also it has other crystalline phases which
refers to Montmorillonite-18A [Na0.3(Al,Mg)2Si4O10OH26H2O]
(PDF000120219). Patterns of calcined nanoclay at 800, 850 and
900 C show that the ammonium salt peak completely disappeared
at these temperatures. Also other nanoclay peaks gradually disap-
peared and transferred to amorphous state (calcined nanoclay) at
900 C (see curve ‘d’ in Fig. 3). This XRD analysis clearly shows
the transformation of crystalline phases of nanoclay to amorphous
phases due to calcination. Amorphous materials such as silica
fume, flay ash, metakaolin, nano-SiO2, nano-metakaolin and also
this calcined nanoclay behave as a highly reactive pozzolan to sup-
port pozzolanic reaction and then produce more CSH gel in
cement-composite [7]. Therefore by using one of these materials
such as calcined nanoclay, the mechanical properties of cement-
composites could be improved noticeably. He et al. [33] indicated
that when montmorillonite clay calcined at 920 C the clay phases
disappeared completely and then clay transformed to amorphous
phase, but further calcination after 920 C leads to form another
crystalline phase which called spinel. Shebl et al. [34] reported that
the thermal activation of nano silicate (at 850 C for 2 h) trans-
formed its structure from crystalline silica into amorphous silica
as a result of this the indirect tensile was strongly enhanced of
the nano structured blended cement pastes.
(b) High Resolution Transmission Electron Microscopy (HRTEM)
of calcined nanoclay
HRTEM images of nanoclay (Cloisite 30B) at low and high mag-
nification are shown in Fig. 4a and b. In the high magnification
image (Fig. 4b), it can be seen clearly that the distances between
the nanoclay platelets (layers) were about 1.85 nm and thus this
is evidence that the d-spacing of (001) planes in nanoclay layers
were 1.85 nm as shown in Table 1. However, Fig. 4c and d show
the HRTEM images for calcined nanoclay (at 900 C) at low and
high magnification, respectively. In high magnification image in
Fig. 4d, it can be seen that many platelets in calcined nanoclay
were destroyed and some of them broken to small nanoparticles
with semi-spherical shapes. This result also confirms the amor-
phous phase of calcined nanoclay which agrees with XDR result
above.
(c) Surface morphology of hemp fabric
SEM micrographs of un-treated and NaOH-treated hemp fabrics
are shown in Fig. 5a–c, respectively. It is clearly seen that the un-
treated fabric had some impurities on its surface (Fig. 5a and b).
Troëdec et al. [35] reported that these impurities are mostly waxes
or fatty substances and also they indicated that NaOH treatment is
well-known to bleach and clean the surface of plant fibres and to
remove amorphous materials such as hemicelluloses and pectins
from their surface. As can be seen from Fig. 5c, the NaOH treatment
removed impurities, hemicelluloses and pectins from the fabric
surfaces and thus surfaces become more homogeneous [36].
(d) TGA of hemp fabric
The thermograms (TGA) of untreated hemp fabric and treated
hemp fabric are shown in Fig. 6. It can be seen from TGA curve that
Fig. 2. Schematic representation of the horizontal orientation of hemp fabrics
relative to the direction of the applied force.
Fig. 3. X-ray diffraction patterns of nanoclay and calcined nanoclay.
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the weight loss (%) between 285 and 390 C is due to decomposi-
tion of cellulose [19]. Among all range 25–1000 C, it can be seen
that the treated hemp fabric shows slightly higher thermal stabil-
ity than untreated. This indicates that the NaOH treatment
increases the thermal stability of hemp fibres through removal of
the most fats, waxes and amorphous materials [17,37].
(e) Quantitative X-ray Diffraction Analysis (QXDA) of nano-
matrix
The XRD patterns of cement paste and nanocomposites contain-
ing 1, 2 and 3 wt% CNC are shown in Fig. 7, that including
Corundum [Al2O3] (PDF 000461212) phase as the internal stan-
dard. Table 3 shows the quantitative analysis with Rietveld refine-
ment of cement paste and nanocomposites. Three important
phases are noticed in this study: portlandite [Ca(OH)2] (PDF 00-
044-1481), tricalcium silicate [C3S] (00-049-0442) and dicalcium
silicate [C2S] (PDF 00-033-0302). Moreover, four less important
phases are also noticed: Ettringite [Ca6Al2(SO4)3(OH)1226H2O]
(PDF 000411451), Gypsum [Ca(SO4)(H2O)2] (PDF 040154421),
Quartz [SiO2] (PDF 000461045) and Calcite [CaCO3] (PDF
000050586) [2,26,29,38].
Generally, the addition of 1, 2 and 3 wt% CNC into the cement
matrix has resulted in apparent change to the crystalline compo-
nents of the samples. As can be seen from Table 3 and Fig. 7b,
the addition of 1 wt% CNC reduced the amount of Ca(OH)2 from
16.8 wt% to 12.1 wt%, about 28% reduction compared to cement
paste. Also the intensities of major peaks of Ca(OH)2 were signifi-
cantly reduced compared to cement paste (Fig. 7b and a).
Furthermore, the amorphous content was increased from
70.1 wt% to 74.8 wt%, about 6.7% increase. This indicates that an
obvious consumption of Ca(OH)2 crystals mainly due to the effect
of pozzolanic reaction in the presence of CNC and good dispersion
of calcined nanoclay in the matrix leads to more amorphous cal-
cium silicate hydrate gel (C–S–H). This explanation is also con-
firmed by the inspection of amount of unreacted C3S (2.0 wt%)
and C2S (6.6 wt%), in which the amount of unreacted C3S and C2S
are slightly higher than the cement paste. Wei et al. [39] reported
that pozzolanic reaction decelerates the hydration reaction of C3S
and C2S during the curing time of 28–90 days. In this study, these
unreacted phases could react with water later to produce more
C–S–H gel after 56 days [29]. Recently, Shaikh et al. [40] reported
that the cement paste containing 2% NS (nano-silica) exhibited less
the amount of calcium hydroxide and slightly higher amount of C2S
than control cement paste.
On the other hand, as can be seen from Table 3 and Fig. 7d for
nanocomposites containing 3 wt% CNC, the amount of Ca(OH)2
was decreased from 16.8 wt% to 14.1 wt%, about 16% reduction
compared to cement paste. Also the intensities of major peaks of
Ca(OH)2 were slightly decreased compared to cement paste
(Fig. 7d and a). But this reduction of amount of Ca(OH)2 is less than
the reduction in nanocomposites containing 1 wt% CNC. Moreover,
the amounts of C3S (1.4 wt%) and C2S (5.4 wt%) are also lower than
nanocomposites containing 1 wt% CNC. This may be attributed to
agglomerations of CNC at high contents which lead to relatively
poor dispersion of CNC and hence relatively poor pozzolanic reac-
tion [2,4].
3.2. Porosity, water absorption and density
The porosity, water absorption and density of cement paste,
UHFRC composites, 6THFRC composites, nanocomposites and
6THFR-CNCC nanocomposites are shown in Table 4. As expected
for all UHFRC composites the porosity and water absorption are
increased and the density is decreased with increasing hemp fabric
content as compared to cement paste. However, it can be seen that
the NaOH treatment of hemp fabric has slightly reduced the poros-
ity and water absorption and increased the density of 6THFRC
composite when compared to 6UHFRC. This slight improvement
could be attributed to reduced voids in the fibre–matrix interface
region after NaOH treatment in 6THFRC composite [41]. Table 4
also shows that the addition of CNC decreases the porosity and
water absorption of these composites when compared to control
cement paste and 6THFRC composites. In 6THFR-CNCC1 compos-
ite, the porosity and water absorption decreased by 12.4% and
14%, respectively compared to 6THFRC composites. This indicates
that CNC has filling effect in the porosity of cement paste compos-
ites with 6 treated hemp fabric [42]. Supit and Shaikh [43] reported
that the addition of 2 wt% NS (nano-silica) significantly reduced
the porosity of high volume fly ash (HVFA) concrete.
Furthermore, In Table 4, the addition of 1 wt% CNC increased the
density of control cement paste and 6THFRC composite by 9.7%
and 4.5%, respectively. This improvement demonstrated that
cement composites with 1 wt% CNC yields more consolidated
Fig. 4. TEM images of nanoclay and calcined nanoclay (at 900 C) at: (a and c) low magnification, (b and d) high magnification.
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microstructure. However, the addition of more CNC leads to
increase in porosity and water absorption and also decrease in den-
sity. This could be attributed to the poor dispersion and agglomer-
ations of the CNC which create more voids in the matrix [3,42,43].
SEM examinations of the microstructure of cement paste,
CNCC1and CNCC3 nanocomposites are shown in Fig. 8a–c. Fig. 8a
shows more Ca(OH)2 crystals and Ettringite as well as more pores
which revealed weak structure. Fig. 8b shows the SEM micrograph
of CNCC1, which is different from that of cement paste, the struc-
ture is dense and compact with few pores and more C–S–H gel. On
the other hand, in Fig. 8c, the CNCC3 shows more pores than
CNCC1which relatively weaken the structure.
3.3. Mechanical properties
In general, the horizontal orientation of hemp fabrics relative to
the direction of the applied force could lead to better uniformity in
load distribution among the compacted fabrics of hemp fabrics and
then increase the ability (resistance) of hemp fibres to withstand
applied load of the composites.
(a) Flexural strength
Flexural strength of cement paste, un-treated hemp fabric-rein-
forced cement composite (UHFRC), 6THFRC composites, nanocom-
posites (CNC) and treated hemp fabric reinforced-nanocomposites
(6THFR-CNCC) are shown in Table 5. It can be seen that flexural
strength is increased with increase in fabric content up to the opti-
mum Hemp fabric content, and then decreased after this limit. The
optimum Hemp fabric content was found to be 6.9 wt%, in which
the flexural strength is increased from 5.42 to 12.64 MPa, about
133.2% increase compared to cement paste. However, beyond this
optimum content of Hemp fibre, the flexural strength of the UHFRC
composites decreased due to the poor adhesion between the fibres
and the matrix [44]. In addition, Table 5 also shows the effect of the
NaOH treatment of Hemp fabric on the flexural strength of 6THFRC
composites. It can be clearly seen that the flexural strength of
6THFRC composites is increased from 12.64 to 14.52 MPa, about
14.9% increase compared to 6UHFRC composite. This improvement
may be explained as follows: after NaOH treatment, the most of
waxes, hemicelluloses and pectins are removed from the hemp
fibre surface, and then the surface became more homogeneous.
Thus, this could lead to the good interfacial bond between the
matrix and the hemp fibres which also enhanced the load transfer
process at the interface. For comparison with similar research,
Asprone et al. [45] investigated composite system consisting of a
thin pozzolanic mortar slab reinforced with different layers of
hemp fibre grids after hemp fibre grids were coated by epoxy resin
coating at 28 days. They observed that the flexural strength of
epoxy coated hemp fibre grid-reinforced pozzolanic matrix with
fibre content of 7 wt% (i.e. 6 layers) increased from 7.0 to
15.0 MPa compared to control mortar matrix. Whereas in this
study, the flexural strength of treated hemp fibre reinforced
cement composites (6THFRC) reached up to 14.52 MPa. Sedan
et al. [12] studied the untreated and treated hemp fibre reinforced
cement composite with different fibre volume fractions of 7, 10, 16
and 20 vol% (w/c = 0.5). They reported that the flexural strength of
NaOH treated Hemp fibre reinforced cement composite with the
optimum Hemp fibres content of 16 vol% reached up to 9.5 MPa.
Overall, the incorporation of CNC into the 6UHFRC composite
led to significant enhancement in the flexural strength of all trea-
ted Hemp fabric reinforced nanocomposites. The flexural strength
of 6THFR-CNCC1 is increased from 14.52 to 20.16 MPa, about 38.8%
increase compared to 6UHFRC composite. This improvement
clearly indicates the effectiveness of CNC in consuming calcium
hydroxide (CH), supporting pozzolanic reaction and filling the
micro pores in the matrix. Thus the microstructure of nanocom-
posite matrix is denser than the cement matrix [34,46].
Consequently, the treated hemp fabric-nanocomposite matrix
interfacial bonding is mostly improved, especially in the case of
using 1 wt% CNC, which is evident from the higher flexural
strength value. For comparison with similar research, Wei and
Meyer [47] studied the sisal fibre reinforced cement mortar
nanocomposites with long and aligned layers of fibres (185 mm
long) and content of 2 vol%, and also metakaolin and nanoclay
were replaced by 29 wt% and 1 wt% respectively of cement weight.
The water/binder ratio was 0.4 and composites were tested at
28 days. They reported that the flexural strength increased about
36.46% compared to sisal fibre-reinforced cement mortar. They
Fig. 5. SEM images of surface structure: (a and b) untreated hemp fabric, (c) NaOH-
treated hemp fabric.
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attributed this enhancement to the efficiency of metakaolin and
nanoclay through filler and pozzolanic effects, which led to
improve the interfacial bond strength of sisal fibre in cement
matrix. Hence, the improvement in flexural strength of 6THFR-
CNCC1 nanocomposites observed in this study (38.8%) is slightly
better than that observed by Wei and Meyer. Khorami and
Ganjian [48] investigated the bagasse fibre-reinforced cement
matrix with fibres content of 4 wt% and 5% silica fume. They
observed that the flexural strength improved about 20% compared
to control bagasse fibre-reinforced cement matrix because of the
pozzolanic and filler effects of very fine silica fume particles, thus
better fibre–matrix interface was achieved.
However, the addition of CNCmore than 1 wt% caused a marked
decrease in flexural strength. This could be attributed to the rela-
tively poor dispersion and agglomerations of the CNC in the
cement matrix at higher CNC contents, which create weak zones,
in the form of micro-voids which cause stress concentration
[2,49]. Moreover, the addition of more CNC (i.e. 2 wt%) led to a sig-
nificant reduction in flexural strength due to an increase in poros-
ity. Nevertheless the addition of CNC improved the flexural
strength of treated hemp fabric reinforced cement composites.
For example, in this study, although the flexural strength of com-
posite with 3 wt% CNC decreased compared to composite with
1 wt% CNC but it is still higher than the 6UHFRC composite.
The load-midspan deflection curves of 6UHFRC composite and
6THFR-CNCC nanocomposites are shown in Fig. 9. The 6THFR-
CNCC1 shows the highest flexural load among all. This is due to
high fibre–matrix interface bonding, which increases the maxi-
mum load-transfer capacity [2]. On the other hand, the 6THFR-
CNCC2, 6THFR-CNCC3 and 6UHFRC composites show low flexural
load. This could be attributed to the increase in porosity which
decreases the bond strength between the fibres and the matrix,
and thus the load-transfer [3,4].
(b) Fracture toughness
Fracture toughness of cement paste, 6UHFRC composites,
6THFRC composites and nanocomposites with treated Hemp fab-
rics (6THF) are shown in Fig. 10. Overall, all these composites
showed significant improvement in fracture toughness. This
Fig. 6. TGA curves of untreated hemp fabric and NaOH-treated hemp fabric.
Fig. 7. XRD patterns of: (a) cement paste, nanocomposites containing various of
calcined nanoclay, (b) 1 wt% (CNCC1), (c) 2 wt% (CNCC2), (d) 3 wt% (CNCC3).
Numbers indicate to: 1 = Corundum [Al2O3] phase, 2 = Portlandite [Ca(OH)2] phase,
3 = Tricalcium silicate [C3S] phase, 4 = Dicalcium silicate [C2S] phase, 5 = Ettringite
phase, 6 = Gypsum phase, 7 = Quartz phase, 8 = Calcite phase.
Table 3
QXDA results for cement paste (C) and nanocomposites containing 1, 2 and 3 wt%
CNC.
Weight % (phase abundance)
Phase C CNCC1 CNCC2 CNCC3
Portlandite [Ca(OH)2] 16.8 12.1 13.2 14.1
Ettringite [Ca6Al2(SO4)3(OH)1226H2O] 2.0 1.3 1.5 1.8
Tricalcium silicate [C3S] 1.3 2.0 1.7 1.4
Dicalcium silicate [C2S] 4.4 6.6 6.1 5.4
Gypsum [Ca(SO4)(H2O)2] 0.7 0.4 0.6 0.4
Calcite [CaCO3] 3.7 2.1 2.7 3.3
Quartz [SiO2] 0.9 0.6 0.4 0.7
Amorphous content 70.1 74.8 73.7 72.8
Table 4
Porosity, density and water absorption values for cement paste (C), UHFRC compos-
ites, 6THFRC composites, (CNCC) nanocomposites and (6THFR-CNCC)
nanocomposites.
Sample Porosity (%) Density (103 kg/m3) Water absorption (%)
C 24.0 ± 0.5 1.76 ± 0.02 13.4 ± 0.7
4UHFRC 30.1 ± 0.7 1.61 ± 0.01 18.7 ± 0.6
5UHFRC 31.6 ± 0.7 1.56 ± 0.03 20.3 ± 0.7
6UHFRC 33.0 ± 0.4 1.53 ± 0.03 21.6 ± 0.6
7UHFRC 34.2 ± 0.6 1.51 ± 0.01 22.7 ± 0.5
6THFRC 32.1 ± 0.8 1.55 ± 0.01 20.7 ± 0.7
CNCC1 16.5 ± 0.6 1.93 ± 0.01 8.9 ± 0.6
CNCC2 17.6 ± 0.5 1.91 ± 0.02 9.6 ± 0.8
CNCC3 18.9 ± 0.6 1.85 ± 0.02 10.3 ± 0.4
6THFR-CNCC1 28.1 ± 0.5 1.62 ± 0.01 17.8 ± 0.4
6THFR-CNCC2 29.4 ± 0.8 1.60 ± 0.01 19.0 ± 0.7
6THFR-CNCC3 30.2 ± 0.7 1.57 ± 0.03 19.8 ± 0.3
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enhancement is due to fracture resistance by Hemp fabrics which
resulted in increased energy dissipation from crack-deflection at
the fibre–matrix interface, fibre-debonding, fibre-bridging, fibre
pull-out and fibre-fracture [50]. It can be seen clearly that the
6THFRC composite exhibited increase in the fracture toughness
by 13.5% compared to 6UHFRC composite. This result confirms that
the chemical treatment improved the interfacial bond between the
matrix and the treated Hemp fibres. In a similar study, Li et al. [51]
studied the effect of silane treatment on Sisal textile surface. They
reported that the fracture toughness of treated Sisal textile rein-
forced vinyl-ester composites is increased by 31% compared to
untreated ones.
As shown in Fig. 10 for 6THFR-CNCC nanocomposite, the
fracture toughness of treated hemp fabric reinforced nanocompos-
ites containing 1, 2 and 3 wt% CNC were 2.21, 2.14 and
2.04 MPa m1/2, respectively. It can again be seen that the fracture
toughness of 6THFR-CNCC1 nanocomposite is increased by 38.1%
compared to 6THFRC composite. This is attributed to the fact that
the CNC modified the matrix through pozzolanic reaction and
reduced the Ca(OH)2 content. Thus, good interfacial bond between
the nanomatrix and the treated Hemp fibres was achieved, which
reduced the loads transferred from the matrix to the fibres.
Alamri and Low [52] reported that the addition of 1 wt% halloysite
nanotubes (HNTs) into recycled cellulose fibres (RCF)/epoxy matrix
significantly increased the fracture toughness by 38.8% compared
to RCF-reinforced epoxy composites. However, facture toughness
of 6THFR-CNCC nanocomposites gradually decreased when CNC
content increase after the optimum content of 1 wt%. This is attrib-
uted to the poor dispersion of high content of CNC into the matrix,
which leads to increase in porosity and weaken the fibre–matrix
interface [4].
Fig. 11a–d shows the SEM micrographs of the fracture surface
and fibre–matrix interface of 6THFR-CNCC1 and 6THFR-CNCC3
nanocomposite after fracture toughness test. A variety of toughen-
ing mechanisms such as fibre–matrix interface, fibre pull-out, rup-
ture fibre and matrix fracture are observed. The examination of
fracture surface of 6THFR-CNCC1 nanocomposite shows good
fibre–matrix interfacial bonding (Fig. 11a and b), which revealed
that good fibre–nanomatrix interfaces was achieved. However,
SEM images of 6THFR-CNCC3 nanocomposite (Fig. 11 c and d)
show relatively poor adhesion between the fibre and the matrix
as well as debonding of fibre was observed. This result indicated
relatively weak matrix in this nanocomposite than 6THFR-CNCC1
nanocomposite.
3.3.3. Impact strength
The impact strength is defined as the ability of the material to
withstand impact loading [53]. Fig. 12 shows the impact strength
of cement paste, 6UHFRC composites, 6THFRC composites and
nanocomposites with treated hemp fabrics (6THF). Generally, it
can be seen that the impact strength of cement paste is signifi-
cantly improved due to reinforced by Hemp fabrics [50]. It can
be seen clearly that after NaOH treatment, the impact strength of
6THFRC composite has slightly increased from 28.94 to 31.57 by
about 9% compared to 6UHFRC composite. This result indicates
that relatively good interfacial bonding between the Hemp fabric
Fig. 8. SEM micrographs of: (a) cement paste, nanocomposites containing, (b)
1 wt% CNC, (c) 3 wt% CNC. Numbers indicate to: 1 = [Ca(OH)2] crystals,
2 = Ettringite, 3 = pores, 4 = C–S–H gel.
Table 5
Flexural strength values for cement paste (C), UHFRC composites, 6THFRC composites,
(CNCC) nanocomposites and 6THFR-CNCC nanocomposites.
Sample Flexural strength (MPa)
C 5.4 ± 0.2
4UHFRC 10.2 ± 0.4
5UHFRC 11.3 ± 0.7
6UHFRC 12.6 ± 0.5
7UHFRC 11.2 ± 0.9
6THFRC 14.5 ± 0.3
CNCC1 7.8 ± 0.2
CNCC2 7.3 ± 0.2
CNCC3 7.1 ± 0.4
6THFR-CNCC1 20.2 ± 0.8
6THFR-CNCC2 19.2 ± 0.6
6THFR-CNCC3 18.3 ± 0.9
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and the cement matrix was achieved due to NaOH treatment of
Hemp fabric. As shown in Fig. 12, the presence of CNC enhanced
the impact strength for treated hemp fabric-reinforced nanocom-
posites. The impact strength of 6THFR-CNCC1 was 37.56 kJ/m2,
about 19% increase compared to 6HFRC composite. This is due to
good interfacial bonding between the fibres and the nanomatrix.
Alhuthali et al. [5] reported that the addition of 3 wt% nanoclay
into recycled cellulose fibres (RCF)/vinyl ester matrix increased
the impact strength by 27% compared to RCF-reinforced vinyl ester
composites. However, as CNC loading increased after the optimum
content of 1 wt% the impact strength is decreased. For example, the
impact strength of 6THFR-CNCC3 was 34.72 kJ/m2, about 10%
increase compared to 6HFRC composite, in which it is less than
6THFR-CNCC1. This reduction in impact strength at higher CNC
loading was due to the formation of CNC agglomerates and voids
which led to reduced fibre–nanomatrix adhesion [3].
Fig. 9. Load versus mid-span deflection curves for 6THFRC composite and 6THFR-CNCC nanocomposites from flexural test.
Fig. 10. Fracture toughness as a function of calcined nanoclay content for cement
paste and 6UHFRC composite, 6THFRC composite and nanocomposites with treated
hemp fabrics (6THF).
Fig. 11. SEM images of the fracture surfaces after fracture toughness test for: (a and b) 6THFR-CNCC1, (c and d) 6THFR-CNCC3.
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3.4. Thermal stability
The thermograms (TGA) of cement paste, 6UHFRC composites,
6THFRC composites and treated hemp fabric reinforced-nanocom-
posites (6THFR-CNCC) are shown in Fig. 13. The char yields at dif-
ferent temperatures are summarized in Table 6. The TGA analysis
shows four distinct stages of decomposition in these samples.
The first stage of decomposition is between room temperature
and 230 C, which may be related to the decomposition of
Ettringite and dehydration of C–S–H gel (loss of water). The second
stage of decomposition is between 285 C and 390 C, which corre-
sponds to decomposition of cellulose of hemp fibre. The third stage
of decomposition is between 400 C and 510 C, which corresponds
to Ca(OH)2 decomposition. The last stage of decomposition is
between 670 C and 780 C, which correspond to CaCO3 decompo-
sition [54–56].
In the first stage, generally all composites with Hemp fabrics
showed better thermal stability than cement paste due to resis-
tance of Hemp fabrics to the decomposition. Furthermore,
6THFR-CNCC composite exhibited slightly better thermal stability
than 6UHFRC composite, 6THFRC composites and cement paste
due to resistance of calcined nanoclay to the decomposition [3,5].
The 6THFRC composite in the second, third and fourth stage
showed higher thermal stability than 6UHFRC because of the effi-
ciency of NaOH treatment. From Table 6 at 1000 C, the char resi-
due of 6UHFRC and 6THFRC composites was about 65.51 and
62.94 wt%, respectively. Hence, it can be said that the 6THFRC com-
posite performed better in thermal stability with slightly higher
char residue of about 4% more than 6UHFRC [57].
Concerning 6THFR-CNCC composites in second, third and fourth
stage, the 6THFR-CNCC1 composites show better thermal stability
than 6THFRC composites, 6THFR-CNCC2 composites and 6THFR-
CNCC3 composites due to dense and compact nanomatrix through
consumption of calcium hydroxide and formation of secondary
CSH gels during pozzolanic reaction [38]. Whereas, 6THFR-CNCC3
composites show lower thermal stability than 6THFR-CNCC1 com-
posites but higher than 6THFRC composites, in which this result
confirms that slightly poor pozzolanic reaction has occurred and
hence nanomatrix is less compacted. From Table 6 at 1000 C,
the char residue of 6THFRC composites, 6THFR-CNCC1 composites,
6THFR-CNCC2 composites and 6THFR-CNCC3 composites was
about 65.51, 68.57, 67.48 and 66.49 wt% respectively. It can be
seen that 6THFR-CNCC1 composites performed better in thermal
stability with higher char residue of about 5% and 3% more than
6UHFRC and 6THFR-CNCC3 composites, respectively. In a similar
study, Chen et al. [58] reported that addition of 10 wt% nano-
Fig. 12. Impact strength as a function of calcined nanoclay content for cement paste
and 6UHFRC composite, 6THFRC composite and nanocomposites with treated hemp
fabrics (6THF).
Fig. 13. TGA curves of cement paste and 6UHFRC composite, 6THFRC composite and nanocomposites with treated hemp fabrics (6THF).
Table 6
Thermal properties of cement paste (C), 6UHFRC, 6THFRC and 6THFR-CNCC nanocomposites.
Sample Char yield (%) at different temperature (C)
100 200 300 400 500 600 700 800 900 1000
C 95.82 88.82 86.03 83.57 79.57 78.44 76.37 75.69 75.09 74.61
6UHFRC 96.94 91.81 88.51 76.46 72.56 70.88 67.58 63.80 63.25 62.94
6THFRC 97.56 91.91 88.57 78.13 74.23 72.75 70.21 66.58 65.81 65.51
6THFR-CNCC1 98.38 92.76 89.53 81.32 77.93 75.99 73.66 69.40 68.86 68.57
6THFR-CNCC2 98.31 92.68 89.43 80.85 77.08 74.63 71.99 68.34 67.77 67.48
6THFR-CNCC3 97.81 92.20 88.85 79.32 75.58 73.90 71.34 67.58 66.73 66.49
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TiO2 into cement paste improved the thermal stability of nanocom-
posite considerably. However, overall in between 360 and 1000 C,
the 6THFR-CNCC1 composite showed lower thermal stability than
cement paste but still better than other samples.
4. Conclusions
Based on all different analyses and discussing results in this
study, a combination of eco-composite materials and nanocompos-
ites has led to new eco-nanocomposites ‘‘NaOH treated hemp fab-
ric reinforced cement nanocomposites’’, which has shown good
microstructures, physical and mechanical properties. Cement
eco-composites and nanocomposites reinforced with hemp fabrics
and CNC have been fabricated and characterized. The optimum
content of hemp fabric was 6.9 wt% (i.e., 6 hemp fabric layers)
and the optimum content of CNC was 1 wt%. The mechanical and
thermal properties of NaOH treated hemp fabric reinforced cement
composites were noticeably improved when compared to the non-
treated counterparts. In the 6THFR-CNCC1 nanocomposites, the
porosity and water absorption declined by 12.4% and 14% respec-
tively, as well as the density, flexural strength, fracture toughness,
impact strength and thermal stability improved by 4.5%, 38.8%,
38.1%, 19% and 5% respectively compared to the 6THFRC compos-
ites. Indeed, particles agglomeration increased as CNC content
increased which adversely reduced the mechanical properties of
composites. It could be recommended that much research is
required to overcome the CNC agglomerations. Construction appli-
cations of this eco-nanocomposite involve ceilings and roofing.
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Cement nanocomposites reinforcedwith hemp fabrics and calcined nanoclay (CNC) have been fabricated and in-
vestigated. The treated hemp fabric-reinforced cement composites andnanocompositeswere subjected to 3wet-
ting and drying cycles and then tested at 56 and 236 days. The influences of CNC dispersion on the durability of
these composites have been characterized in terms of porosity, flexural strength, stress-midspan deflection
curves and microstructural observation of hemp surface. The microstructure of matrix was investigated using
X-ray Diffraction. Results indicated that the CNC effectivelymitigated the degradation of hemp fibre. The durabil-
ity and the degradation resistance of hempfibre enhanced due to the addition of CNC into the cementmatrix and
the optimum content of CNC was 1 wt.%.
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1. Introduction
Recently, natural fibres are gaining increasing popularity to develop
‘environmental-friendly construction materials’ as alternative to syn-
thetic fibres in fibre-reinforced concrete [1,2]. These fibres are cheaper,
biodegradable and lighter than their synthetic counterparts. Some ex-
amples of natural fibres are: Sisal, Flax, Hemp, Bamboo, Coir and others
[3]. However, the long term durability of natural fibres in cement com-
posites has been the major issue in which it has limited their applica-
tions in cementitious composites. These issues could be the
degradation of fibres in a high alkaline environment of cement compos-
ites and also the interfacial bonding between the natural fibre and the
cement matrix is relatively weak [4,5]. In order to improve the durabil-
ity of fibre reinforced cement composites, there are two possible
methods: (i) modification of fibre surfaces and (ii) modification of the
cement matrix [6,7]. Regarding the first method, some researchers
have showed that pre-treatments of natural fibre surfaces via some
chemical agents such as alkalization, Ca(OH)2 and Na2CO3 have slightly
improved the fibre–matrix interface of the composites. As a result, the
mechanical properties of such composites are enhanced [8,9]. Troedec
et al. [10] reported that the modification of hemp fibres with NaOH
has reasonably improved the interfacial bonding between the fibres
and the lime-based mineral matrix. Regarding the second approach, it
should be noted that the alkalinity (high pH value) of cement matrix
come from two sources. The first source is minor compounds (alkalis)
of cement clinker which are Na2O and K2O, in which these alkalis in-
crease alkalinity of hydrated cement paste [11,12]. Some researchers re-
ported that high alkali content can increase the early strength but
reduce the long-term strength [13,11]. The Na2O and K2O can affect
the strength through water-soluble K2O or alkali-silica reaction (alkali
reactive-aggregates) [14,15]. In contrast [12] reported that alkalis did
not affect the compressive strength of concrete. The second source is
the highest amount of calciumhydroxide that comes fromhydration re-
action and it is considered as the major portion of alkalinity of cement
matrix and concrete. The calcium hydroxide has also been proven as
an important factor leading to the degradation of natural fibres. How-
ever, in the second approach for modification of the cementmatrix, cal-
cium hydroxide in cement matrix can be reduced by using pozzolanic
materials such as silica fume, fly ash, metakaolin and amorphous
nanomaterials. Thus this approach could improve the interfacial bond,
mechanical properties and durability of natural fibre-reinforced cement
composites [16,17]. On the other hand, one of the most effective tech-
niques to obtain a high performance cementitious composite is by rein-
forcement with textile (fabrics), which are impregnated with cement
matrix. Synthetic fabrics such as polyethylene (PE) and polypropylene
(PP) have been used as reinforcement for cement composites [18,19].
This system has superior filament-matrix bonding which improves the
mechanical properties such as tensile and flexural strengths than
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continuous or short fibres [20]. In contrast, the use of natural fibre
sheets and fabrics is more prevalent in polymermatrix when compared
to cement-based matrix [21,22].
Nowadays, nanotechnology is one of the most active research areas
in the civil engineering and construction materials [23,24]. In the con-
struction industry, several types of nanomaterials have been incorpo-
rated into concretes such as nano-SiO2, nano-Al2O3, nano-Fe2O3, nano-
ZnO2, nano-CaCO3, nano-TiO2, carbon nanotubes, nano-metakaolin
and nano-ZrO2 in order to improve the durability andmechanical prop-
erties of concrete and Portland cementmatrix [25–30]. Supit and Shaikh
[31] reported that the addition of 1% nano-CaCO3 increased the com-
pressive strength of mortar and concrete significantly. Nanoclay (NC)
is a new generation of processed clay for a wide range of high-
performance cement nanocomposite. Some examples of nanoclay are
nano-halloysite, nano-cloisite 30B and nano-kaolin [32]. As a kind of
nano-pozzolanic material, nanoclay not only reduces the pore size and
porosity of the cementmatrix, but also improves the strength of cement
matrix through pozzolanic reactions. Farzadnia et al. [33] reported that
the incorporation of 3% halloysite nanoclay into cement mortars in-
creased the 28-day compressive strength up to 24% compared to the
control samples. Calcined nanoclay is prepared by heating nanoclay at
certain temperature for certain period of time in order to transform
nanoclay to amorphous state inwhich the calcined nanoclay can behave
as a highly reactive artificial pozzolan such as silica fume, metakaolin,
nano-SiO2, and nano-metakaolin [29]. An interesting study on using
nanoparticles and natural fibres as reinforcements in cement nanocom-
positeswas obtained byAly et al. [34]. They studied the durability of flax
fibre reinforced cementmortar containing 2.5 wt.% nanoclay and 20 wt.
% ground waste glass powder at 28 days and after 50 wet/dry cycles
(378 days). They reported that the flax fibre reinforced nanocomposites
after accelerating ageing cycles showed small reduction (19%) in the
flexural strength when compared to its initial strength at 28 days due
to the small degradation of flax fibre. The authors concluded that the
presence of nanoclay reduced the degradation of flax fibres in such
composites.
In this paper, in order to improve the durability of hemp fibre rein-
forced cement composites, the combination of bothmethods (modifica-
tion of fibre surfaces and the cement matrix) are used. The effect of
calcined nanoclay (CNC) on the durability properties of treated hemp
fabric-reinforced cement composite is studied. The durability of the
treated hemp fabric-reinforced cement composites and nanocompos-
ites is discussed based on the porosity and flexural strength obtained
at 56 days and 236 days.
2. Experimental procedure
2.1. Materials
The nanoclay platelets (Cloisite 30B) used in this investigation is a
natural montmorillonite modified with a quaternary ammonium salt,
whichwas supplied by Southern Clay Products, USA. Physical properties
and chemical composition of the nanoclay are shown in Table 1 [21,35].
The woven hemp fabric of 0.54 mm thickness and 0.3 mm opening size
between bundles was supplied by Hemp Wholesale Australia Pty,
Kalamunda, Western Australia. The chemical composition of hemp fab-
rics is: 58.7 wt.% of cellulose residue, 16.8 wt.% of pectins, 14.2 wt.% of
hemicelluloses, 6 wt.% of lignins and 4.3wt.% of waxes and fat. Ordinary
Portland cement (ASTM Type I) was used in all mixes. Amorphous cal-
cined nanoclay (CNC) was prepared by heating the nanoclay at 900 °C
for 2 h, details of that can be found in previous work [26]. In order to
treat the surface of the fibres, the hemp fabrics were chemically treated
by 1.7MNaOH solution (pH=14) for 48 h, details of this treatment can
also be found in the previous work of the authors [26].
2.2. Sample preparation
2.2.1. Nanocomposites
The ordinary Portland cement (OPC) is partially substituted by cal-
cined nanoclay (CNC) at 1, 2 and 3% by weight of OPC. The OPC and
CNC were first dry mixed for 15 min in Hobart mixer. The binder is
CNC-cement powder. The cement nanocomposite matrix was prepared
with a water/binder ratio of 0.485.
2.2.2. Treated hemp fabric-reinforced nanocomposites
Firstly, six layers of treated hemp fabrics were first soaked into the
nanocomposite matrix and then laid on polished timber plate by
hand. After that, the compacted fabrics were left under heavy weight
(30 kg) for 1 h to reduce air bubbles and voids inside the specimens.
Secondly, a thin layer of nanocomposite matrix was poured into the
prismatic mould followed by the compacted pre-soaked hemp fabrics
into the mould. Finally a thin layer of matrix was poured into the
mould as upper layer and the specimens were left for 24 h to cure at
room temperature. The position through the depth of specimen con-
taining 6 treated hemp fabrics is shown in Fig. 1. The total amount of
treated hemp fabrics in each specimenwas about 6.9wt.%. Themix pro-
portions are given in Table 2.
2.2.3. Curing and specimens
For each series, five prismatic plate specimens of 300 × 70 × 10 mm
(length×width × depth) in dimensionwere cast. Infirst 24 h of casting,
sampleswere cured inmoist condition at 20±2 °C and 80% relative hu-
midity and also they were sealed by plastic sheets to prevent evapora-
tion of water from their top surfaces in prismatic mould. All
specimens were demolded after 24 h of casting and kept under water
for approximately 56 days. For durability test, the period of the wetting
and drying cycles was determined as 30 days under water followed by
30 days of drying in air for one cycle and it was performed for 3 cycles,
after that the samples tested at 236 days counting from the casting day.
Five rectangular specimens of each series with dimensions
70 × 20 × 10 mm (length × width × depth) were cut from the fully
cured prismatic plate for each mechanical and physical test at 56 and
236 days.
2.3. Material characterization
2.3.1. The X-ray diffraction (XRD)
XRD patterns were obtained using CuKα (λ= 1.5406 Å) radiation
with a Bruker D8 Advance diffractometer equipped with a LynxEye de-
tector (1-dimensional detector, Bruker-AXS, Karlsruhe, Germany). The
Table 1
Physical properties and chemical composition of the nanoclay [21,34].
Properties/compositions
Physical properties
Colour Off white
Density (g/cm3) 1.98
d-Spacing (001) (nm) 1.85
Aspect ratio 200–1000
Surface area (m2/g) 750
Mean particle size (μm) 6
Chemical composition
SiO2 62.10
Al2O3 21.10
Fe2O3 4.57
CaO 0.06
MgO 2.24
Na2O 0.38
K2O 0.06
TiO2 0.13
MnO 0.01
BaO 0.01
Cr2O3 0.01
P2O5 0.05
LOI (loss on ignition) 7.40
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diffractometerwas scanned from7° to 70° (2θ) in step size of 0.015° and
the counting time per step was 1.8 s.
2.3.2. Scanning electron microscopy (SEM)
Scanning electron microscopy imaging was obtained using a NEON
40ESB, ZEISS. The SEM investigation was carried out in detail on micro-
structures and the fractured surfaces of samples.
2.4. Apparent porosity test
Five specimens, measuring 70 × 20 × 10 mm, in each composition
were used tomeasure the apparent porosity. Prior tomeasuring the ap-
parent porosity, the samples were dried in an oven at 80 °C for 24 h to
obtain the dried mass. The apparent porosity was calculated according
to ASTM C20 [36].
2.5. Flexural strength test
Five specimens, measuring 70 × 20 × 10 mm, in each composition
were used to measure the flexural strength. Three-point bend tests
were conducted using a LLOYD Material Testing Machine to evaluate
the flexural strength of the composites. The support span used was
40 mmwith a displacement rate of 0.5 mm/min. The flexural strength
σFwas evaluated using the following equation:
σ F ¼ 3PmS
2BW2
where Pm is the maximum load at crack extension, Sis the span of the
sample,Wis the specimen depth andB is the specimen width.
3. Results and discussion
3.1. Porosity of nanocomposites
The porosity of cement paste and nanocomposites was shown in
Table 3. Overall, it can be seen that the porosity of C, CNCC1, CNCC2
and CNCC3 decreased slightly in periods of between 56 and 236 days.
Firstly, it is known that after 90 days curing, the compressive strength
of control concrete or cement paste increase slightly with increasing
ages as a result of reduction in porosity due to further hydration
reaction. Secondly, in nanocomposites, slight reduction in porosity
with increasing ages can be attributed to both hydration reaction and
pozzolanic reaction as well as filling effect. For example, in CNCC1 ce-
ment nanocomposite, the porosity at 56 days is decreased by 31.2%
compared to cement paste, however at 236 days it decreased slightly
from 16.5 to 15.1% by about 8% decrease. This indicated that nanocom-
posites containing 1, 2 and 3 wt.% CNC had both filling and pozzolanic
effects in the porosity of cement paste composites as well as to further
hydration reaction (in between 56 and 236 days), in which the nano-
composite matrix becomes more a consolidated microstructure due to
filling of the micro pores and densification by the enhanced pozzolanic
activity and further hydration reaction [37]. This result is in agreement
with thework done by Supit and Shaikh [38] reported that the addition
of 2 wt.% nano-silica significantly reduced the porosity of high volume
fly ash (HVFA) concrete after 90 days. However, the addition of more
CNC leads to increase in porosity. This could be attributed to the poor
dispersion and agglomerations of the CNC which create more voids in
the matrix [39].
TheXRDpatterns of cement paste and nanocomposites containing 1,
2 and 3 wt.% CNC after 236 days are shown in Fig. 2(a–d). It can be seen
fromFigs. 2(b–d) that the addition of 1, 2, 3wt.% CNC reduced the inten-
sities of major peaks of Ca(OH)2 when compared to cement paste
(Fig. 2a). For example intensity of Ca(OH)2 at 2θ of 18.01° for CNCC1
(Fig. 2b) is decreased by 13.9% compared to cement paste (Fig. 2a).
This indicated an obvious consumption of Ca(OH)2 in the pozzolanic re-
action due to the presence of CNC and good dispersion of calcined
nanoclay in thematrix which producemore amorphous calcium silicate
hydrate gel (C–S–H). The formation of more C–S–H gel in CNCC1 nano-
composites can be also confirmedby the inspection of the increase in in-
tensity peaks corresponding to 2θ of 31° (as mentioned by Hosino et al.
[40]) in the close-up of Fig. 2 where peak for C3S at 2θ of 29.4° is also re-
duced.Moreover, it can also be seen in the same close-up figure that the
Ca(OH)2 peak at 2θ of 28.7° is also lower in CNCC1 nanocomposite than
the cement paste due to pozzolanic reaction. In the same close-upfigure
the XRD for CNCC1 at 56 days (as reported by our previous work,
Hakamy et al. [26]) is also plotted. By comparing the peaks for
CNCC1 at 56 and 236 days it can also be seen that the XRD peak of
CNCC1 at 236 days at 2θ of 31° is slightly higher than at 56 days indicat-
ing the formation ofmore C–S–H and consumption of CH after 236 days.
The reduction of C3S peak of CNCC1 at 236 days at 2θ of 29.4° compared
to the same at 56 days and cement paste is another indication of
Fig. 1. Schematic representation of cross section of 6 treated hemp fabric layers position through the depth of sample.
Table 2
Mix proportions of specimens.
Sample Hemp fabric (HF) Mix proportions (wt.%)
Content (wt.%) Fabric layers Cement CNC Water/binder
C 0 0 100 0 0.485
CNCC1 0 0 99 1 0.485
CNCC2 0 0 98 2 0.485
CNCC3 0 0 97 3 0.485
6THFRC 6.9 6 100 0 0.485
6THFR-CNCC1 6.9 6 99 1 0.485
6THFR-CNCC2 6.9 6 98 2 0.485
6THFR-CNCC3 6.9 6 97 3 0.485
Table 3
Porosity (%) values for cement paste (C), (CNCC) nanocomposites, 6THFRC composites
and (6THFR-CNCC) nanocomposites at 56 and 236 days.
Sample Porosity (%) at 56 days Porosity (%) at 236 days
C 23.9 ± 0.5 22.3 ± 0.7
CNCC1 16.5 ± 0.6 15.1 ± 0.3
CNCC2 17.6 ± 0.5 16.2 ± 0.5
CNCC3 18.9 ± 0.6 17.3 ± 0.7
6THFRC 32.1 ± 0.8 36.3 ± 0.7
6THFR-CNCC1 28.1 ± 0.5 30.5 ± 0.9
6THFR-CNCC2 29.4 ± 0.8 31.8 ± 0.9
6THFR-CNCC3 30.2 ± 0.7 33.1 ± 1.0
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pozzolanic and hydration reaction [41]. Shaikh et al. [42] reported in
their XRD results that after 28 days the cement paste containing 2%
nano-silica exhibited less calcium hydroxide peaks than the control ce-
ment paste.
On the other hand, as can be seen from Fig. 2d for nanocomposites
containing 3 wt.% CNC, the intensities of major peaks of Ca(OH)2 were
slightly decreased when compared to cement paste (Fig.2d and a). For
instance, the intensity of Ca(OH)2 at 2θ of 18.01° for CNCC3 (Fig. 2d) de-
creased by 6.9% compared to cement paste (Fig. 2a). This may be attrib-
uted to agglomerations of CNC at high contents which led to relatively
poor dispersion of CNC and hence relatively poor pozzolanic reaction.
This agglomeration can be explained as follows; nanoparticles, due to
their small size, have high inter-particle van der Waal's forces causing
them to lose the desirable specific surface area to volume ratio [38].
Therefore, due to their higher van derWaal's forces, the 3 wt.% CNC ag-
glomerate more than other 1 wt.% CNC and 2 wt.% CNC. As a result of
this, the efficiency of 3 wt.% CNC (or nanoparticles) in consuming Ca
(OH)2 could be less due to the reduction of total surface areas that con-
tribute in pozzolanic reaction. Shaikh et al. [42] also stated that nano-
particles agglomerate more than other micro-pozzolanic materials
(e.g. silica fume, metakaolin) due to their higher van der Waal's forces.
In summary, it is important to note that the reduction of the porosity
could be attributed to two reasons: (i) filling effect of CNC due to its
good dispersion, (ii) the pozzolanic reaction by amorphous nanoparti-
cles (i.e. CNC) that lead more C-S-H gel being produced.
3.2. Porosity of treated hemp fabric-reinforced nanocomposites
The effect of wetting and drying cycles on the porosity of 6THFRC
composites and 6THFR-CNCC nanocomposites was also shown in
Table 3. Generally the porosity increased significantly after 3 wetting
and drying cycles (at 236 days). The porosity of 6THFRC composites in-
creased from 32.1 to 36.3% by about 13% increase. This was due to in-
crease in voids in between fibres and matrix, whereas in 6THFR-
CNCC1 nanocomposite, the porosity is increased by 8.5% at 56 days.
This indicates that CNC relatively reduced the voids between the
hemp fibre and the cement matrix containing CNC after 3 wet/dry cy-
cles and thus fibre–matrix interfacial boundingwas slightlymaintained.
Roma et al. [43] reported that in the period from 28 to 155 days, a ten-
dency of increase in the permeable void volume was observed for the
sisal fibres reinforced cement composite containing silica fume. It
could be a consequence of the fast degradation of sisal fibres in the alka-
line environment of Portland cement or even due to the detachment of
the cellulose fibre during wet–dry cycles attributed to its shrinkage into
the cement matrix.
Fig. 2. XRD patterns of: (a) cement paste, nanocomposites containing various calcined nanoclay: (b) 1 wt.% (CNCC1), (c) 2 wt.% (CNCC2), and (d) 3 wt.% (CNCC3). Numbers indicate to
phases of: 1 = Portlandite [Ca(OH)2], 2 = Tricalcium silicate [C3S], 3 = Dicalcium silicate [C2S], 4 = Gypsum, 5 = Quartz.
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3.3. Flexural strength of nanocomposites
The effect of 3 wet/dry cycles on the flexural strength of cement
paste and nanocomposites (CNC) is shown in Fig. 3. Overall, the incor-
poration of CNC into the cement composite led to significant enhance-
ment in the flexural strength at all ages. At 56 days, the flexural
strength of cement nanocomposite containing 1, 2 and 3 wt.% CNC
was increased by 42.9%, 34.8% and 30.6%, respectively compared to ce-
ment paste. This improvement clearly indicates the effectiveness of
CNC in consuming calciumhydroxide (CH), supporting pozzolanic reac-
tion and filling the micro pores in the matrix [44,45]. Thus the micro-
structure of cement nanocomposite is denser than the cement matrix,
especially in the case of using 1 wt.% CNC, which is evident from its
higher flexural strength. However, after 3 wet/dry cycles at 236 days,
the flexural strength of nanocomposites increased slightly compared
to their values at 56 days. For example, the flexural strength of CNCC1
nanocomposite increased from 7.75 to 8.27 MPa by about 7% increase.
Rong et al. [46] studied the effects of 3% nano-SiO2 particles on the du-
rability of concrete containing 35% fly ash at 28 and 90 days, they re-
ported about 11% improvement in flexural strength at 90 days
compared to 28days.Mohamed [47] also reported thatflexural strength
of concrete containing 1% nano-SiO2 improved from 12.08 to 13.27 by
10% after 90 days compared to its strength at 28 days.
SEM images of the microstructure at 236 days of cement paste and
the cement nanocomposite containing 1 wt.% CNC (CNCC1) are shown
in Fig. 4a–b. For cement paste matrix, Fig. 4a demonstrates more Ca
(OH)2 crystals and Ettringite as well as more pores which revealed a
weakmicrostructure. On theother hand, Fig. 4b displays the SEMmicro-
graph of CNCC1 nanocomposite matrix, which is different from that of
cement matrix, the microstructure is denser and more compact with
fewer pores and more C–S–H gel.
3.4. Flexural strength of treated hemp fabric-reinforced nanocomposites
The effect of wetting and drying cycles on the flexural strength of
6THFRC composites and treated hemp fabric reinforced-
nanocomposites (6THFR-CNCC) are shown in Fig. 5. Generally all com-
posite showed reduction in the flexural strength after 3 wetting and
drying cycles (at 236 days). Thiswas attributed to somepartial degrada-
tion of hemp fibre in cement matrix that led to slightly deteriorate
fibre–matrix bonding and also the mineralization of the fibres in
which fibre became more brittle. The incorporation of CNC into the
6THFRC composite led to significant enhancement in the flexural
strength of all treated Hemp fabric reinforced nanocomposites. At
56 days, the flexural strength of 6THFR-CNCC1 increased from 14.52
to 20.16 MPa, about 38.8% increase compared to 6THFRC composite.
However, after 3 wet/dry cycles (at 236 days) the flexural strength of
6THFRC composite dropped to 26.2% of the initial strength at 56 days,
whereas the flexural strength of 6THFR-CNCC1 nanocomposites re-
duced by about 17.4% compared to its value at 56 days. Moreover, the
flexural strength of 6THFR-CNCC2 and 6THFR-CNCC3 nanocomposites
reduced by about 18.3% and 19.7% compared to their values at
56 days. Based on this result, it can be concluded that the reduction in
the flexural strength for 6THFR-CNCC3 nanocomposites was less than
the reduction of 6THFRC composite after 3 wet/dry cycles (at 236
days). This improvement is explained as follows: the degradation of
natural fibres in Portland cement matrix is due to the high alkaline en-
vironment (especially calcium hydroxide solution) which dissolves
the lignin and hemicellulose parts, thus weakening the fibre structure
[1,2,17]. In order to improve the durability of natural fibre in cement
paste, the matrix could be modified in which calcium-hydroxide (CH)
must be mostly consumed or reduced. In this study, the CNC effectively
prevented the hemp fabric degradation by reducing the CH in the ma-
trix through pozzolanic reaction. Thus, the degradation of hemp fibres
in nanocomposite was mostly prevented and the treated hemp fabric-
nanocomposite matrix interfacial bonding was mostly improved espe-
cially in the case of 1 wt.% CNC. Other two reasons of this improvement
were the effectiveness of CNC in filling the micro pores in the matrix
which led to denser microstructure of nanocomposite matrix than the
cement matrix and also the pre-treatment of hemp fibre by NaOH solu-
tion. Filho et al. [48] investigated the durability of sisal fibre-reinforced
mortar with 50% metakaolin (PC-MK) and without metakaolin (PC) at
28 days and after 25 wet/dry cycles. They observed that the flexural
strength of PC and PC-MK composites decreased by 63% and 23%, re-
spectively compared to their control composites at 28 days. They re-
ported that 50% metakaolin replacement significantly prevented the
sisal fibres from the degradation in cement matrix. However, the addi-
tion of CNC more than 1 wt.% caused a marked decrease in flexural
Fig. 4. SEMmicrographs at 236days of: (a) cement paste, (b) nanocomposites containing 1wt.% CNC.Numbers indicate to: 1= [Ca(OH)2] crystals, 2=Ettringite, 3=pores, 4=C-S-H gel.
Fig. 3. Flexural strength as a function of calcined nanoclay content for cement paste and
nanocomposites at 56 and 236 days.
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strength. This could be attributed to the relatively poor dispersion and
agglomerations of the CNC in the cementmatrix at higher CNC contents,
which created weak zones and then increased the porosity.
Figs. 6(a–b) show the effect of wetting and drying cycles on the
stress-midspan deflection behaviour of 6THFRC composites and
6THFR-CNCC1nanocomposites. The ductile behaviour can be observed
in both treated composites with and without CNC, with higher flexural
strength (about 40% increases) and better post-peak ductility in the
composite containing CNC. It was observed that ductile behaviour and
bending stress are slightly reduced due to accelerated ageing. This re-
duction was attributed to the lignin and hemicellulose deterioration of
hemp fibre in matrix by Ca2+ ions attack and embrittlement (brittle-
ness) of hemp fibres due to fibre cell wall mineralization in cementma-
trix [2,17]. Moreover, alternating wet and dry conditioning increased
the porosity and interface fatigue that led to decrease the bond strength
between the fibres and thematrix, and thus the load-transfer. However,
the 6THFR-CNCC1 nanocomposite (Fig.6b) presented better ductile be-
haviour and bending stress than 6THFRC composites (Fig.6a) after
236 days. This enhancement could be due to high fibre–matrix interfa-
cial bonding, which increases the maximum load-transfer capacity.
3.5. Microstructural analysis
Figs.7(a–d) show the fibre–matrix interfacial bonding of 6THFRC
composite and 6THFR-CNCC1 nanocomposite at 56 days and after 3
wet/dry cycles (at 236 days). At 56 days, the microstructural character-
istic of the fracture surface of 6THFRC composite (Fig. 7a) showed rela-
tively good fibre–matrix interfaces with small gaps between the fabric
layers and the cement matrix. However, after 3 wet/dry cycles (at
236 days) the interface zone between the fabrics and the matrix is in-
creased (Fig.7b), which indicated obvious deterioration of fibre–matrix
interfacial bonding. Regarding the 6THFR-CNCC1 nanocomposite at
56 days, the SEM image showed better fibre–nanomatrix interfacial
bonding (Fig. 7c) when compared to the 6THFRC composite (Fig.7a).
However, after 3 wet/dry cycles (at 236 days) the interface zone be-
tween the fabrics and the matrix containing CNC slightly increased
(Fig.7d), which indicated very small signs of degradation of fibre–ma-
trix interface in nano-matrix. This confirmed that the CNC considerably
reduced the deterioration of fibre–matrix interfacial bonding. The same
phenomena was observed by Wei and Meyer [49], according to their
SEM images where they reported that the use of metakaolin in cement
composite reduced the deterioration of interface zone between natural
fibre and matrix after accelerating ageing (30 wet/drying cycles).
SEMmicrographs of raw NaOH treated hemp fibre and the hemp fi-
bres extracted from 6THFRC composite and 6THFR-CNCC1 nanocom-
posite after 3 wet/dry cycles (at 236 days) are shown in Figs.8(a–d). It
can be seen that the fibre surface of raw NaOH treated hemp fibre was
more uniform (Fig.8a), whereas in 6THFRC composite (Figs.8b–c), the
micrographs revealed some degradation on the fibre surface during ac-
celerating ageing. Sedan et al. [9] reported that the CH content (Ca2+
ions) of cement matrix contributed to the degradation of hemp fibre
rapidly. Regarding 6THFR-CNCC1 nanocomposite (Fig.8d), there was
slight change in the fibre surface after 236 days, which indicated that
CNC slightly prevented the degradation of hemp fibre surface.
4. Cost and applications
Natural fibres/fabrics are increasingly being utilized due to low den-
sity, low cost, renewability, recyclability and availability [1,2]. On the
other hand, nanoparticles are expensivewhich could limit their applica-
tions [23,25]. Singh [50] stated that the nanomaterials have many
unique characteristics which will definitely result in high strength and
durable concrete, but the cost of nanomaterial is still very expensive
due to novelty technology. Perhaps the nanomaterial cost will come
down over time as manufacturing technologies upgrade their produc-
tion efficiency [24]. However, nanomaterials are used in very small
amounts in the concrete or other cementitious composites. Shaikh and
Supit [51] stated that although the use of nano-CaCO3 was first consid-
ered as filler to partially replace cement, some studies have shown ad-
vantages of using 1% nano-CaCO3 nanoparticles in terms of
compressive strength and economic benefits as compared to cement
and other supplementary cementitious materials.
Among all types of nanomaterials that can be used in construction
and building materials, nanoclay is considered as one of inexpensive
nanomaterials. In this study the use of (very small amounts) only 1% cal-
cined nanoclay in CNCC1 and 6THFR-CNCC1 nanocomposite led to sig-
nificant improvement in mechanical properties and durability. From
Fig. 6. Stress versus mid-span deflection curves for 6THFRC composite and 6THFR-CNCC1 nanocomposites at 56 and after 3 wet/dry cycles (236 days).
Fig. 5. Flexural strength as a function of calcined nanoclay content for 6THFRC composite
and 6THFR-CNCC nanocomposites at 56 and 236 days.
664 A. Hakamy et al. / Materials and Design 92 (2016) 659–666
194
economic point of view, the addition of 1% calcined nanoclay in cement
paste or treated hemp fabric reinforced cement composite will not add
any significant cost but improved the durability significantly after
236 days (3 wet/dry cycles).
Regarding the issue of durability/cost ratio, this study has found that
(see Fig 5), after 236 days (3 wet/dry cycles), the 6THFR-CNCC1 nano-
composite showed higher flexural strength (by 55% increase) than con-
trol 6THFR composite. This means that the addition of 1% calcined
Fig. 8. SEM images of: (a) rawNaOH treated hempfibre and the hemp fibres extracted from: (b, c) 6THFRC composite, (d) 6THFR-CNCC1 nanocomposite after 3wet/dry cycles (236days).
Fig. 7. SEM images of: 6THFRC composite (a) at 56 days, (b) after 3 wet/dry cycles (236 days) and 6THFR-CNCC1 nanocomposites (c) at 56 days, (d) after 3 wet/dry cycles (236 days).
665A. Hakamy et al. / Materials and Design 92 (2016) 659–666
195
nanoclay will not add significant cost but can increase the life (durabil-
ity) of treated hemp fabric reinforced cement composites by 1.55 times
over their counterparts without calcined nanoclay. The benefit of devel-
oping the long-term durability of natural fibre in such fibre-
nanocomposite will overcome the few cost. The developed treated
hemp fabric reinforced nanocomposites can also be widely employed
as an alternative to synthetic fibres in some applications including con-
crete tiles, roofing sheets, sandwich panels, on-ground floors, ceilings
and structural laminate.
5. Conclusions
Cement composites and nanocomposites reinforced with hemp fab-
rics and calcined nano-clay (CNC) have been fabricated and character-
ized. The effect of CNC on the durability of treated hemp fabric
reinforced cement nanocomposites and the degradation of hemp fibres
are reported. The optimumcontent of CNCwas 1wt.%. After 236 days (3
wet/dry cycles), the flexural strength of 6THFRC composites decreased
by 26.2% whereas flexural strength of 6THFR-CNCC1 nanocomposites
decreased by 17.4%. SEM micrographs indicated that hemp fibre in
6THFRC composites undergo more degradation that in 6THFR-CNCC1
nanocomposites. Based on all results, the addition of CNC has great po-
tential to improve the durability of treated hemp fabric reinforced ce-
ment nanocomposites during wet/dry cycles, particularly at 1% CNC.
Indeed, particles agglomeration increased as CNC content increased
which adversely affected the mechanical properties of the composites.
It is recommended that more research is required to overcome the
CNC agglomerations.
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4 CONCLUSIONS AND FUTURE WORK 
4.1 Conclusions  
This study consists of seven consecutive parts. Therefore, each section is dependent on the 
results of previous sections.  
4.1.1 Nanoclay-cement nanocomposites 
Ordinary Portland cement (OPC) was partially substituted by nanoclay with 1, 2 and 3% 
by weight of OPC to fabricate a series of nanoclay-cement nanocomposites. Dry mixing 
method of the binder (OPC and nanoclay powder) was used and the samples were tested at 
56 days. The microstructures of nanocomposites were investigated using X-ray Diffraction 
(XRD), Quantitative X-ray Diffraction Analysis (QXDA), synchrotron radiation 
diffraction (SRD) and scanning electron microscopy (SEM). The effect of nanoclay on 
physical and mechanical properties of nanoclay-cement nanocomposite has been 
investigated. The thermal stability of samples was determined using thermogravimetric 
analysis (TGA). 
The results generally indicated that the optimum content of nanoclay was found to be 1 
wt%. Based on the XRD and SRD results, the addition of nanoclay reduced the intensities 
of major peaks of Ca(OH)2 crystals comparing to the control cement paste. Also from 
QXDA, the addition of 1 wt% nanoclay reduced the amount of Ca(OH)2 from 19.5 wt% to 
15.7 wt%, about 19.5% reduction compared to cement paste. Also the intensities of major 
peaks of Ca(OH)2  were significantly reduced compared to cement paste. Furthermore, the 
amorphous content was increased slightly from 67.4 wt% to 70 wt%, about 3.7% increase. 
This indicates that an obvious consumption of Ca(OH)2 crystals mainly due to the effect of 
pozzolanic reaction in the presence of nanoclay and good dispersion of nanoclay in the 
matrix leads to produce more amorphous calcium  silicate hydrate gel (C-S-H). In 
addition, SEM images of the microstructure of cement paste, nanocomposites containing 1 
wt% and 3 wt% nanoclay were also presented. SEM images of cement paste showed more 
Ca(OH)2 crystals and Ettringite as well as more pores which revealed a weak structure. It 
was found that the SEM micrograph of nanocomposites containing 1 wt% nanoclay was 
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different from that of cement paste, the structure was denser and compact with few pores 
due to the filler effect of 1 wt% nanoclay and more CSH gel due to pozzolanic effect. On 
the other hand, the SEM micrograph of nanocomposites containing 3 wt% nanoclay 
showed more pores and micro-cracks which led to weaken the structure of this 
nanocomposite when compared to nanocomposites containing 1 wt% nanoclay.   
Regarding the physical and mechanical properties and thermal stability, in general, the 
incorporation of nanoclay in cement matrix led to a modest enhancement in physical and 
mechanical properties of all nanocomposites. Moreover, it was found that the 
nanocomposites with 1wt% of nanoclay achieve the highest improvement in all properties. 
The cement nanocomposite containing 1 wt% nanoclay decreased the porosity (by 20.6%) 
and water absorption (by 23.5%) and increased the density (by 4%), compressive strength 
(by 31% ), flexural strength (by 32%), fracture toughness (by 31%), impact strength (by 
29%) and Rockwell hardness (by 24%)  as well as improved thermal stability (by 2.3%) 
compared to the control cement paste. 
This improvement can be attributed to pozzolanic and filler effects of 1 wt% nanoclay in 
which this nanocomposite had more consolidated microstructure than others. However, the 
addition of more nanoclay (beyond 1 wt %) into cement nanocomposite adversely affected 
the mechanical and thermal properties. This could be attributed to the poor dispersion and 
agglomerations of the high nanoclay contents which created more voids in the matrix.    
4.1.2 Hemp fabric-reinforced nanoclay-cement nanocomposites (small depth specimens -
10 mm) 
Hemp fabric-reinforced nanoclay-cement nanocomposites were fabricated with two layers 
of hemp fabrics and different contents of nanoclay (1, 2 and 3 wt %). The total amount of 
hemp fabric in each specimen was about 2.5 wt%. In sample preparation and curing stage, 
three prismatic plate specimens of length 300 mm × width 70 mm × depth 10 mm  were 
cast and after 56 days several specimens of each series with dimensions 70 mm ×20 mm 
×10 mm  were cut from the fully cured prismatic plate for each test. The influence of 
nanoclay on physical, mechanical and thermal properties of hemp fabric-reinforced 
cement composite as well as hemp fibre-matrix interface was investigated. SEM 
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micrographs of fracture surfaces and hemp fibre-matrix interface were presented. The 
thermal stability of samples was determined using thermogravimetric analysis (TGA). 
Generally, the results indicated that the addition of nanoclay into hemp fabric-reinforced 
nanocomposite improved the physical, mechanical and thermal properties. Moreover, the 
hemp fabric-reinforced nanocomposites containing 1wt% nanoclay achieved the highest 
improvements than others. It was found that the incorporation of 1 wt% nanoclay into the 
hemp fibre-reinforced nanocomposites decreased the porosity (by 16%) and water 
absorption (by 18%) as well as increased the density (by 3%), flexural strength (by 
28.5%), fracture toughness (by 24.6%), impact strength (by 23%) and also improved the 
thermal stability (by 19%), when compared to the control hemp fibre-reinforced cement 
composite.  
SEM micrographs of fracture surfaces of hemp fibre-reinforced nanocomposites 
containing 1wt% nanoclay showed good fibre-matrix interface as well as the presence of 
hydration products on the fibre surface indicating better fibre/matrix interface bond. 
However, poor adhesion between fibres and matrix was observed in hemp fibre reinforced 
cement composite. In hemp fibre reinforced -nanocomposite containing 3 wt% nanoclay, 
macro-cracking was observed in the matrix which revealed relatively weak matrix and 
also debonding of fibre occurred. 
This improvement in physical and mechanical properties as well as fibre-matrix interface 
of hemp fibre-reinforced nanocomposites containing 1 wt% nanoclay was attributed to the 
fact that the nanoclay modified the microstructure of matrix through pozzolanic reaction 
and pore-filling effect. Thus, good interfacial bonding between the nanomatrix and the 
hemp fibres was achieved. However, the addition of more nanoclay ( than 1 wt%)  into 
the hemp fibre-reinforced cement composites adversely affected the thermal, physical and 
mechanical properties as well as fibre-matrix interface. 
4.1.3 Hemp fabric-reinforced nanoclay-cement nanocomposites (large depth specimens - 
40 mm) 
Eight layers of hemp fabrics were used to prepare hemp fabric reinforced nanoclay 
nanocomposites, in which their positions were placed above and down the centre of the 
nanocomposite sample over the depth of the specimen. The total amount of hemp fabric in 
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each specimen was about 2.4 wt% and different contents of nanoclay (1, 2 and 3 wt %) 
were used. Based on ASTM C348–08 standard, four prismatic plate specimens of 160 × 
40 × 40 mm (length×width×depth) in dimension were cast for each test and samples were 
tested at 56 days. The effect of nanoclay on physical and mechanical properties of hemp 
fabric-reinforced cement composites as well as hemp fibre-matrix interface was 
investigated. 
The results showed that the optimum content of nanoclay is 1 wt%. The hemp fibre-
reinforced nanocomposites containing 1 wt% nanoclay decreased the porosity (15.5%) and 
also increased the density (5.3%), flexural strength (26.2%) and fracture toughness 
(24.9%) compared to the hemp fibre-reinforced cement composite. SEM micrographs of 
hemp fibre-reinforced nanocomposite containing 1 wt% nanoclay also supported its 
improvement as compared to other samples in terms of better fibre-matrix interface. This 
improvement was due to the efficiency of pozzolanic reaction and filler effects of 1 wt% 
nanoclay to improve the microstructure and achieve high fibre-matrix interface bonding, 
which increases the maximum load-transfer capacity. However, no such significant 
improvement was observed when nanoclay content exceeds the optimum content. This 
could be attributed to the increase in porosity which decreased the bonding between fibres 
and matrix, and thus the attendant load-transfer. In other words, pores act as defects as 
well as stress-raisers to weaken the material. 
 
4.1.4 Calcined nanoclay-cement nanocomposites 
Calcined nanoclay-cement nanocomposites were studied and the results were compared 
with the previous work of nanoclay-cement nanocomposites. Prior to preparation of 
samples, thermal treatment of nanoclay was carried out. Calcined nanoclay (CNC) was 
prepared by heating the nanoclay (NC) at 800, 850 and 900
°
C for 2 h and then it was 
characterized by XRD, energy dispersive spectroscopy (EDS) and High Resolution 
Transmission Electron Microscopy (HRTEM) in order to determine its amorphous phase. 
OPC was partially substituted by calcined nanoclay of 1, 2 and 3% by weight of OPC and 
dry mixing method of binder was used. Estimation of Ca(OH)2 content in the cement 
nanocomposite was studied by the combination of QXDA and thermogravimetry analysis 
201 
 
(TGA) techniques. The influence of calcined nanoclay on the physical, mechanical and 
thermal properties of cement nano-composites was presented. 
Based on the results of XRD, EDS and HRTEM, nanoclay transformed to amorphous state 
(calcined nanoclay) at 900 °C. Moreover, at high magnification by HRTEM, it was found 
that many platelets in calcined nanoclay were destroyed and some of them broke to small 
nanoparticles with approximate spherical shapes ranging 3-8 nm. Overall, the results 
showed that the microstructures, physical, mechanical and thermal properties of the 
cement nanocomposites were improved as a result of CNC addition. The optimum content 
of CNC was 1 wt%. 
Regarding characterisation of microstructure for nanocomposites, the results of XRD 
patterns and QXDA indicated that the addition of 1 wt% CNC reduced the amount of 
Ca(OH)2 from 16.8 wt% to 12.1 wt%, about 28% reduction compared to cement paste. 
Also the intensities of major peaks of Ca(OH)2  were significantly reduced compared to 
cement paste. Furthermore, the amorphous content of C-S-H gel was increased from 70.1 
to 74.8 wt%, about 6.7% increase. This improvement in microstructure can be explained 
as follows: the CNC was mainly amorphous nanomaterial and behaved as a highly 
reactive artificial pozzolan and thus it could consume more CH through the pozzolanic 
reaction. As a result the CH content in cement nanocomposite containing 1 wt% CNC was 
reduced significantly when compared to cement paste and other cement nanocomposites 
containing NC and CNC such as cement nanocomposite containing 1 wt% NC. SEM 
examinations of the microstructure of cement paste, 1 wt% CNC nanocomposites and 3 
wt% CNC nanocomposites confirmed the effectiveness of 1 wt% CNC. SEM micrograph 
of 1 wt% CNC nanocomposite showed that its microstructure was denser and more 
compact with fewer pores, less CH and more C-S-H gel when compared to cement paste 
and 3 wt% CNC nanocomposites. 
Regarding the estimation of Ca(OH)2 content in the cement nanocomposite by the 
combination of QXDA and TGA techniques, the results of the combination of QXDA and 
TGA techniques indicated that TGA was at least as good as QXDA for quantifying the 
amount of Ca(OH)2, where both measured amounts were very close to each other. 
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Regarding the physical, mechanical and thermal properties of cement nanocomposites, 
overall, the addition of CNC into the cement matrix led to significant enhancement in 
these properties when compared to cement nanocomposites containing NC or cement 
paste. The cement nanocomposite containing 1 wt% CNC decreased the porosity (by 
31.2%) and water absorption (by 34%) and increased the density (by 9.7%), compressive 
strength (by 40% ) flexural strength (by 42.9%), fracture toughness (by 40%), impact 
strength (by 33.6%) and Rockwell hardness (by 31.1%)  as well as improved thermal 
stability (by 3.3%) compared to the control cement paste. This improvement was due to 
the effective filler and pozzolanic reaction effects and good dispersion of 1 wt% CNC. In 
fact, it could be recommended that more research is needed to overcome the 
agglomerations of NC or CNC and to identify the best method of mixing to achieve good 
dispersion of CNC in the matrix. 
4.1.5 Un-treated and NaOH treated hemp fabric-reinforced cement composites 
A series of untreated and treated hemp fabric-reinforced cement composites were 
fabricated and investigated in this part. Prior to preparation of samples, chemical pre-
treatment of hemp fabric surface was carried out by immersing the fabrics in 1.7 M NaOH 
solution (pH=14) for 48 hours at 25
°
 C, followed by neutralization, washing and drying. 
The fibre surface was then characterized by SEM, XRD and TGA. Samples of un-treated 
hemp fabric-reinforced cement composites (UHFRC) were fabricated with various 
contents of hemp fabric: 4.5 wt% (4 layers of fabric), 5.7 wt% (5 layers of fabric), 6.9 
wt% (6 layers of fabric) and 8.1 wt% (7 layers of fabric). As six un-treated hemp fabrics 
achieved good mechanical performance, only 6 layers of treated hemp fabric were used to 
fabricate treated hemp fabric-reinforced cement composite (6THFRC). In sample 
preparation and curing stage, three prismatic plate specimens of 300×70×10 mm 
(length×width×depth) in dimension were cast and after 56 days several specimens of each 
series with dimensions 70×20×10 mm (length×width×depth) were cut from the fully cured 
prismatic plate for each test. The influence of untreated hemp fabric contents and chemical 
treatment on the mechanical properties and fibre-matrix interfaces of untreated and treated 
hemp fabric-reinforced cement nanocomposites were investigated.   
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Based on the results from SEM, XRD and TGA of hemp fibre surface, it was found that 
the NaOH treatment effectively bleached and cleaned the surface of hemp fibres and 
removed the amorphous materials such as hemicellulose, pectins and impurities (fatty 
substances and waxes) from their surface. Thus the fabric surface became more uniform 
with slightly higher crystallinity index and thermal stability when compared to un-treated 
hemp fabric surface. 
Regarding the flexural strength and fracture toughness of un-treated hemp fabric-
reinforced cement composites (UHFRC), overall, the flexural strength and fracture 
toughness increased with an increase in fibre content up to the optimum hemp fibre 
content, and then decreased after this limit. Results indicated that the optimum hemp 
fabric content among these composites was 6.9 wt% (i.e. 6 fabric layers) for 6UHFRC 
composite. In 6UHFRC composite, the flexural strength and fracture toughness are 
improved by about 133% and 303%, respectively compared to the cement paste. However, 
beyond this optimum content of hemp fibre, the flexural strength and fracture toughness of 
the UHFRC composites are decreased. This could be attributed to the increase in porosity 
which reduced adhesion between the fibres and the matrix, and thus decreased the load 
transfer. 
Results also showed the effect of NaOH treatment of hemp fabric on the flexural strength 
and fracture toughness of 6THFRC composites. It was found that the flexural strength of 
6THFRC composite increased from 12.6 to 14.5 MPa, about 14.9% increase when 
compared to 6UHFRC composite. Moreover, the 6THFRC composite exhibited 13.5% 
increase in fracture toughness.  
SEM micrographs of 6UHFRC composite showed relatively poor fibre-matrix interfaces 
with small gaps between the fabric layers and the cement matrix. In contrast, the 6THFRC 
composite showed very small gaps between the fabrics and the matrix, which indicated 
better fibre-matrix interfacial bonding. This improvement could be explained as follows: 
after NaOH treatment, most of waxes and fats were removed from the hemp fibre surface, 
and the surface became more uniform but rough. Thus, this led to good interfacial bonding 
between the matrix and the hemp fibres which served to enhance the load transfer process 
at the interface.  
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4.1.6 NaOH treated hemp fabric reinforced calcined nanoclay-cement nanocomposites 
Based on the results from previous works, the NaOH treated hemp fabric-reinforced 
calcined nanoclay-cement nanocomposites were fabricated with six layers of treated hemp 
fabrics and different contents of calcined nanoclay (1, 2 and 3 wt %). Total amount of 
treated hemp fabric in each specimen was about 6.9 wt%. The influence of calcined 
nanoclay on the physical, mechanical and thermal properties as well as fibre-matrix 
interface of NaOH treated hemp fabric-reinforced calcined nanoclay cement 
nanocomposites was studied and samples were tested after 56 days.   
Results indicated that the physical, mechanical and thermal properties enhanced due to the 
addition of CNC into the 6THFRC composites and the optimum content of CNC was 1 
wt%. The treated hemp fabric-reinforced nanocomposites containing 1 wt% CNC 
(6THFR-CNCC1) exhibited the highest flexural strength, fracture toughness, impact 
strength and thermal stability than their counterparts and good fibre-matrix interface. In 
other words, for 6THFR-CNCC1 nanocomposites, it was found that the porosity and water 
absorption decreased by 12.4% and 14%, respectively, as well as the density, flexural 
strength, fracture toughness, impact strength and thermal stability improved by 4.5%, 
38.8%, 38.1%, 19% and 5%, respectively compared to the 6THFRC composites. SEM 
micrographs of 6THFR-CNCC1 nanocomposite showed better fibre-nanomatrix 
interfacial bonding with ruptured fibres when compared to 6THFRC composites or even 
the treated hemp fabric-reinforced nanocomposites containing 3 wt% CNC (6THFR-
CNCC3).   
This improvement clearly indicated the effectiveness of CNC in consuming calcium 
hydroxide (CH), thus facilitating the pozzolanic reaction, and pore-filling  in the matrix. 
As a result, the microstructure of nanocomposite matrix was denser than the cement 
matrix. Consequently, the interfacial bonding of treated hemp fabric-nanocomposite 
matrix was mostly improved, especially in the case of using 1 wt% CNC, as evident from 
its higher strength and toughness values. It could be seen that CNC behaves not only as a 
filler to improve the microstructure, but also as the activator to facilitate the pozzolanic 
reaction and thus improved the adhesion between the treated hemp fabric and the matrix. 
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However, the mechanical properties of treated hemp fabric-reinforced composites were 
adversely affected when CNC content increased beyond the optimum content of 1 wt%. 
This was attributed to the poor dispersion of high content of CNC into the matrix, which 
led to increase in porosity and weaken the fibre-matrix interface.  
4.1.7 Durability of NaOH treated hemp fabric reinforced calcined nanoclay-cement 
nanocomposites subjected to wet/dry cycles 
Based on the results from previous works, cement nanocomposites reinforced with 6 
treated hemp fabrics and calcined nanoclay (CNC) were fabricated and their durability 
investigated. The treated hemp fabric-reinforced cement composites and nanocomposites 
were subjected to 3 wetting and drying cycles and then tested at 56 and 236 days. The 
influences of CNC dispersion on the durability of these composites were characterized in 
terms of porosity, flexural strength, stress-midspan deflection curves and microstructural 
observation of hemp surface. The effect of CNC on the degradation of hemp fibres was 
also studied.   
Regarding the durability of calcined nanoclay-cement nanocomposites, the results 
indicated that the porosity and flexural strength improved slightly in periods of between 
56 and 236 days. For example, the flexural strength of CNCC1 nanocomposite increased 
by about 7%. This improvement could be attributed to further hydration reaction and 
pozzolanic reaction as well as pore-filling effect.  
Regarding NaOH treated hemp fabric reinforced calcined nanoclay-cement 
nanocomposites, the results also indicated that the durability and the degradation 
resistance of hemp fibre enhanced due to the addition of CNC into the cement matrix and 
the optimum content of CNC was 1 wt%. After 236 days (3 wet/dry cycles), the flexural 
strength of 6THFRC composites decreased about 26.2% compared to its initial strength at 
56 days. Whereas the flexural strength of 6THFR-CNCC1 nanocomposites decreased by 
about 17.4% compared to its value at 56 days. 
The SEM micrographs after 3 wet/dry cycles (at 236 days) indicated that there were very 
small signs of degradation of fibre-matrix interface for 6THFR-CNCC1 nanocomposites 
when compared to 6THFRC composites. Moreover, the SEM images of the hemp fibres 
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extracted from 6THFRC composites showed that they underwent more degradation than 
the hemp fibres extracted from 6THFR-CNCC1 nanocomposites.  
Based on all results, the addition of CNC had great potential to improve the durability of 
treated hemp fabric reinforced cement nanocomposites during wet/dry cycles, particularly 
at 1 wt% CNC. This improvement was explained as follows: the degradation of natural 
fibres in Portland cement matrix is due to the high alkaline environment (especially 
calcium hydroxide solution) which dissolves the lignin and hemicellulose parts, thus 
weakening the fibre structure. In order to improve the durability of natural fibre in cement 
paste, the matrix could be modified in which calcium-hydroxide (CH) must be mostly 
consumed or reduced. In this study, the CNC effectively prevented the hemp fabric 
degradation by reducing the CH in the matrix through pozzolanic reaction. Thus, the 
degradation of hemp fibres in nanocomposite was mostly prevented and the treated hemp 
fabric-nanocomposite matrix interfacial bonding was mostly improved especially in the 
case of 1 wt% CNC. Other two reasons of this improvement were the effectiveness of 
CNC in filling the micro pores in the matrix which led to denser microstructure of 
nanocomposite matrix than the cement matrix and also the pre-treatment of hemp fibre by 
NaOH solution.   
4.2 Recommendations for Future Work 
The primary objectives of this research have been achieved. The effect of nanoparticles 
(nanoclay and calcined nanoclay) and hemp fabrics (untreated and NaOH treated) on the 
microstructure, physical, mechanical and thermal properties as well as durability of 
cement nanocomposites, untreated and NaOH treated hemp fabric-reinforced cement 
nanocomposites were investigated and discussed. The research results provided a 
fundamental knowledge on the mechanism and performance of a new class of treated 
hemp fabric-reinforced cement nanocomposites. Despite the significant improvement in 
mechanical properties for both cement nanocomposites and NaOH treated hemp fabric-
reinforced cement nanocomposites, the agglomeration of nanoparticles at high content is 
still a major issue. For future work, there is a need to continue research and development 
in this field of materials science. Thus, the following recommendations have been 
formulated to help guide future study:  
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1. This project concentrated on cement paste as a matrix. The ideas of using 
calcined nanoclay and treated natural fibres from this research can be developed 
and applied for other material systems such as cement mortar, concrete, and 
natural fibre reinforced concrete.   
 
2. In this research, it was found that the addition of more nanoclay and calcined 
nanoclay (beyond 1 wt %) into cement nanocomposite matrix adversely affected 
the mechanical and thermal properties of cement nanocomposites, untreated and 
NaOH treated hemp fabric-reinforced cement nanocomposites. In fact, it could 
be recommended that much research is needed to overcome the problems of 
nanoclay agglomerations and also to identify the best method of mixing to 
achieve good dispersion of nanoclay and calcined nanoclay at high contents in 
the matrix.  
 
3. Because the main issue of using natural fibres in cement composites is long term 
durability of natural fibre reinforced concrete, it is recommended that more 
research is required to overcome natural fibre degradation. Consequently this can 
help to develop environmental friendly building materials.  
 
4. In this experimental work, the durability of NaOH treated hemp fabric reinforced 
calcined nanoclay-cement nanocomposites was investigated under wet/dry cycles 
condition at 236 days (about 8 months). Other durability conditions such as 
freeze-thaw cycle and testing after long durations such as 1-5 years are needed to 
validate the findings of this study.   
 
5. Advanced computer models are required to investigate the influence of 
nanostructures, such as shape and size distribution, orientation, aspect ratio, 
degree of spatial and interfaces on the physical and mechanical properties of 
cement nanocomposites, untreated and treated hemp fabric-reinforced cement 
nanocomposites. Multi-scale mechanics models and numerical methods should 
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be developed for better understanding of the enhanced mechanisms of such 
building nanomaterials. 
 
6. From the outcome the experimental results and analyses, the challenge for 
further research on the use of nanomaterials for building construction and their 
compatibility in environmental issues and cost are still necessary.  
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